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Preface

This Special Issue, “Where Are We Now and Where Is Cell Therapy Headed?”, offers a
comprehensive snapshot of the evolving field of cell-based therapeutics at a moment of profound
conceptual and technological transition. The subject matter spans from traditional applications
such as hematopoietic cell transplantation to next-generation engineered immune cells and cell-free
derivatives, capturing the field’s expansion and diversification. The scope of the Issue is deliberately
broad, encompassing both foundational technologies and emerging paradigms.

The primary aim is to map the current state of the field while anticipating its next directions,
and contributions were selected to illustrate the shift in central therapeutic principle from cell
persistence to signal orchestration. This includes a focus on how paracrine signaling, immune
modulation, and the delivery of defined molecular cargo are redefining the utility and identity of
therapeutic cells. This collection also brings translational bottlenecks to the forefront—such as product
heterogeneity, regulatory uncertainty, and manufacturing challenges—while highlighting the strategies
being developed to overcome them.

The motivation for assembling this Special Issue is rooted in the recognition that cell therapy
is no longer confined to a regenerative or hematologic niche but is rapidly becoming a modular
platform with wide-ranging implications for immunology, oncology, tissue engineering, and beyond.
The editorial perspective reinforces a growing consensus that future therapies will operate through
transient, highly orchestrated biological effects, rather than permanent cellular integration.

This collection is intended for a multidisciplinary audience that includes researchers, clinicians,
translational scientists, and regulatory experts working across regenerative medicine, immunotherapy,
bioengineering, and drug delivery.

Ultimately, this Special Issue offers a timely, multifaceted perspective on cell-based and
cell-derived therapeutics. It invites the reader to consider not only where the field currently stands, but
how a new therapeutic logic—rooted in cellular communication rather than replacement—is reshaping

the future of medicine.

Andrea Papait and Paola Chiodelli
Guest Editors
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Editorial
An Editorial on the Special Issue “Where Are We Now and
Where Is Cell Therapy Headed?”

Andrea Papait 1'>* and Paola Chiodelli »*

1 Department of Life Sciences and Public Health, Universita Cattolica del Sacro Cuore, 00168 Rome, Italy

2 Fondazione Policlinico Universitario A. Gemelli IRCCS, 00168 Rome, Italy
*  Correspondence: andrea.papait@unicatt.it (A.P.); paola.chiodelli@unicatt.it (P.C.)

Cell-based therapies have swiftly transitioned from experimental modalities to core
components of modern translational medicine. Initially envisioned as a regenerative tool
relying on engraftment and tissue integration, cell therapy has undergone a conceptual
shift, and it is becoming increasingly evident that its therapeutic impact is rooted not in
cellular persistence, but in the transient orchestration of complex biological responses.

A paradigmatic case is the evolution of mesenchymal stromal cells (MSCs), which
have historically been employed for tissue regeneration but are now recognized for their
immunomodulatory and paracrine effects [10.1002/sctm.17-0051]. The growing under-
standing of MSCs as secretory platforms has accelerated interest in cell-free therapeutic
strategies, including extracellular vesicles (EVs) and complex secretomes [1-3]. These
acellular approaches may mitigate issues related to immune rejection and engraftment
failure while offering greater control and standardization.

Nonetheless, certain cell-based interventions remain clinically indispensable. Allo-
geneic hematopoietic cell transplantation (HCT), for example, is still a foundational therapy
for hematological malignancies such as leukemia, lymphoma, and multiple myeloma [4,5].
At the same time, challenges such as graft versus host disease (GvHD) and donor avail-
ability have prompted the development of precision genome-editing approaches—most
notably, CRISPR-Cas9—to reduce immunogenicity and correct autologous mutations [6].

In oncology, the success of engineered immune effectors—particularly chimeric anti-
gen receptor (CAR) T-cells—has redefined expectations. Initially approved for specific
forms of relapsed or refractory B cell malignancies, CAR T-cell therapies represent a new
class of “living drugs” capable of sustained, antigen-driven immune activity [7,8]. Their
efficacy has spurred efforts to extend the platform to solid tumors and integrate it with
other immune-modulatory strategies.

Despite these advances, critical bottlenecks persist. Complex manufacturing pipelines,
variability in product quality, nonuniform global regulatory frameworks, and cost-related
access disparities all impede clinical scalability [9,10]. The articles in this Special Issue
“Where Are We Now and Where Is Cell Therapy Headed?” reflect a translational field that
confronts these challenges directly. Collectively, they map a landscape in which cellular
and acellular approaches are no longer mutually exclusive but increasingly complementary.

Several contributions focus on the shift from autologous to allogeneic and off-the-shelf
strategies. Jeannerat and colleagues demonstrate that FE002-derived progenitor cells retain
chondrogenic potential and survive hypoxic and inflammatory stress in intervertebral disc
models (Contribution 1). Extending their approach, they develop bioengineered neoliga-
ment constructs with FE002-derived tenocytes, achieving rapid fabrication and effective
integration (Contribution 2). Philippe and colleagues compare autologous and allogeneic

Pharmaceutics 2025, 17, 894 https://doi.org/10.3390 / pharmaceutics17070894
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grafts for knee cartilage repair and find that allogeneic products reduce patient variability
and enhance scalability without compromising clinical outcomes (Contribution 3). In
their paper on burn care, Chen and colleagues describe a hybrid dermo-epidermal graft
incorporating both autologous and banked fibroblasts, offering a more agile production
timeline with sustained efficacy (Contribution 4).

In parallel, the therapeutic potential of secreted factors is gaining clinical traction.
Wu and colleagues provide a comprehensive analysis of ESCs, iPSCs, MSCs, and retinal
progenitors for treating degenerative retinal conditions, outlining both opportunities and
translational barriers (Contribution 5). Within the cancer immunotherapy space, Li and
colleagues. explore cellular strategies to modulate the tumor microenvironment (TME),
including the reprogramming of tumor-associated macrophages (Contribution 6) and the en-
hancement of checkpoint inhibitor responses in non-small cell lung cancer (Contribution 7).
Meanwhile, Chiodelli and colleagues demonstrate that conditioned medium from human
amniotic MSCs suppresses ovarian cancer proliferation and migration, exhibiting enhanced
efficacy in combination with paclitaxel (Contribution 8).

Together, these contributions illustrate a rapidly diversifying field. On the one hand,
the development of standardized, bankable cell products reflects a drive toward consistency
and broader accessibility. On the other hand, cell-derived EVs and secretomes are emerging
as potent therapeutic agents, capable of modulating immune responses, promoting tissue
repair, and engaging in cross-tissue signaling.

Regardless, considerable challenges lie ahead. Product heterogeneity remains a critical
concern for both cellular and extracellular therapies [11,12], and the lack of universally
accepted potency assays and markers of activity further complicates development [13].
Issues of manufacturing scalability [9], cost containment [14-16], and international regu-
latory alignment [10,17,18] continue to shape—and constrain—the pathway from bench
to bedside.

Nevertheless, the field is clearly beginning to gravitate toward therapies that extend
beyond the cells themselves. The next generation of interventions is likely to harness not
the cell as a unit, but the molecular and vesicular cargo it deploys. This reframing positions
cell therapy as a modular, signal-driven platform, which is defined less by cellular identity
and more by the biological programs it initiates within the host.

Author Contributions: Conceptualization, A.P. and P.C.; writing—original draft preparation, A.P;
writing—review and editing, A.P. and P.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by intramural funds at Universita Cattolica del Sacro Cuore,
Linea D1 (A.P).

Conflicts of Interest: The authors declare no conflicts of interest.
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MSC Mesenchymal Stromal Cells

HCT Hematopoietic cell transplantation
ESC Embryonic Stem Cells

GvHD  Graft Versus Host Disease

iPSC Induced Pluripotent Stem Cells
TME Tumor Microenvironment

EV Extracellular Vesicle

CAR Chimeric Antigen Receptor
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Abstract: Background/Objectives: Biological products are emerging as therapeutic management
options for intervertebral disc (IVD) degenerative affections and lower back pain. Autologous and
allogeneic cell therapy protocols have been clinically implemented for IVD repair. Therein, several
manufacturing process design considerations were shown to significantly influence clinical outcomes.
The primary objective of this study was to preclinically qualify (chondrogenic potential, safety, resis-
tance to hypoxic and inflammatory stimuli) cryopreserved primary progenitor cells (clinical grade
FE002-Disc cells) as a potential cell source in IVD repair/regeneration. The secondary objective
of this study was to assess the cell source’s delivery potential as cell spheroids (optimization of
culture conditions, potential storage solutions). Methods/Results: Safety (soft agar transformation,
[-galactosidase, telomerase activity) and functionality-related assays (hypoxic and inflammatory
challenge) confirmed that the investigated cellular active substance was highly sustainable in defined
cell banking workflows, despite possessing a finite in vitro lifespan. Functionality-related assays
confirmed that the retained manufacturing process yielded strong collagen II and glycosaminoglycan
(GAGQG) synthesis in the spheroids in 3-week chondrogenic induction. Then, the impacts of vari-
ous process parameters (induction medium composition, hypoxic incubation, terminal spheroid
lyophilization) were studied to gain insights on their criticality. Finally, an optimal set of techni-
cal specifications (use of 10 nM dexamethasone for chondrogenic induction, 2% O, incubation of
spheroids) was set forth, based on specific fine tuning of finished product critical functional at-
tributes. Conclusions: Generally, this study qualified the considered FE002-Disc progenitor cell
source for further preclinical investigation based on safety, quality, and functionality datasets. The
novelty and significance of this study resided in the establishment of defined processes for preparing
fresh, off-the-freezer, or off-the-shelf IVD spheroids using a preclinically qualified allogeneic human
cell source. Overall, this study underscored the importance of using robust product components
and optimal manufacturing process variants for maximization of finished cell-based formulation
quality attributes.

Pharmaceutics 2024, 16, 1274. https:/ /doi.org/10.3390/pharmaceutics16101274
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Keywords: allogeneic cytotherapies; back pain; chondrogenesis; cell therapy; hypoxia; intervertebral
disc; manufacturing process; spheroids; spine; tissue engineering

1. Introduction

Pathological and traumatic affections of the intervertebral disc (IVD) are often the
cause of lower back pain (LBP) [1,2]. Importantly, LBP constitutes a widespread health
issue, as it is the greatest cause of disability burden worldwide [3]. Specifically, it is expected
that more than half of the global population will experience LBP at some point, wherein
5-10% of patients will develop chronic LBP [3-5]. As LBP prevalence increases with age,
so do the incured economic impacts (i.e., treatment costs, reduced productivity, loss of
income). Of note, the latter have been estimated at over 100 bn USD yearly, with 2/3 of
indirect costs (e.g., professional productivity deficits) [6,7]. Notwithstanding, LBP has been
identified as the most common cause of disability among young adults in the US and in
Europe, wherein LBP prevalence increases are driven by population growth, obesity, and
aging [5,8]. Pathophysiologically, IVD affections are implicated in >40% of cases of chronic
back pain and constitute the most common non-cancer indication for opioid prescription in
the US [9,10].

From an anatomical perspective, the IVD deploys a spacer function between verte-
brae in the spine [9]. The inner core of IVDs (i.e., nucleus pulposus [NP]) is constituted
by a gelatinous hydrophilic extracellular matrix (ECM), rich in ACAN and COL2 (i.e.,
a 20:1 ratio). Therein, NP cells are characterized by a chondroid phenotype and gener-
ate high ACAN contents, which swell and thus exert sufficient mechanical pressure to
maintain appropriate distances between vertebral bodies. The NP is contained in the
annulus fibrosus (AF) structure, which is a COL1-rich tissue presenting hyaline cartilagi-
nous endplates [8,9,11]. As a unit, the IVD serves as a shock absorber within the spine,
presenting resistance to tensile and torsional forces. As IVDs are mainly avascular and
aneural, nutrients and metabolites diffuse from nearby vessels in the endplates and in the
outer AF [2,9,12].

From a therapeutic standpoint, conservative LBP treatments primarily aim for pain
relief, using physiotherapy, chiropraxie, acupuncture, NSAIDs, opiates, steroids, or muscle
relaxants [13]. Surgical approaches (e.g., microdiscectomy, nucleoplasty, annuloplasty,
spinal fusion, disc replacement) are indicated when patients do not respond to conservative
treatment options. However, spine surgeries often increase the rates of adjacent segment
degeneration [14]. Furthermore, patient self-rating of unsuccessful treatment after spinal
fusion may exceed 30%, and complications were notably reported in 36% of cases [10,15].

Due to the complex pathophysiological context of IVD degeneration and the limited
success of traditional treatment approaches, considerable interest and research have been fo-
cused on therapies wielding intradiscal medical device scaffolds and /or biologicals [14,16].
Therein, the objectives are to restore normal IVD functions, notably by enhancing ECM
anabolic processes or by reducing the action of catabolic molecules (e.g., MMPs). Therefore,
several growth factors (e.g., GDF-5), biologicals (e.g., platelet-rich plasma [PRP]), or cell-
based therapeutics are clinically investigated [17-22]. While hyaluronan-based hydrogels
and fibrin-based sealants are useful for AF repair or after nucleotomies, bioactive molecules
(e.g., glucocorticoids, NSAIDs, anti-TNFs) are often used [23-25]. However, most IVD
therapeutic interventions only allow for symptomatic management of pain and present
limited efficacy in the long term.

Recently, considerable efforts have been allocated to investigational cell therapies
and tissue engineering solutions aiming to regenerate IVDs [3,8,14]. Several autologous
cell-based protocols have been developed for IVD treatment, comprising ASCs, B-MSCs,
or disc chondrocytes as the cellular active substance [14,26-30]. In an allogeneic setting,
juvenile chondrocytes, B-MSCs, discogenic cells (DiscGenics, Salt Lake City, UT, USA),
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umbilical stem cells, NP particulates (Vivex Biologics, Miami, FL, USA), or mesenchymal
precursors (Mesoblast, Melbourne, Australia) have been proposed [3,14,28].

Importantly, in the specific case of cell-based therapies, patient selection methodol-
ogy was described as highly important for appropriate treatment (i.e., moderate severity
in disc degeneration), as mild or advanced lesions may not show measurable improve-
ment [10,26-28]. From a regulatory viewpoint, in order to potentially circumvent some of
the reported challenges in cell-based IVD therapies, the use of exosomes has recently been
proposed [31]. Such approaches bare the potential to avoid the detrimental effects of harsh
IVD environments on implanted cells, adverse tumorigenicity potential, unwanted cell
differentiation, or the risk of host immune reaction, which classically limits the application
of viable cells [31,32]. However, further research and long-term follow-up are required
around such novel biological-derived cell-free protocols.

The primary aim of the present study was to qualify a clinical-grade cryopreserved
primary progenitor cell source (FE002-Disc cells) as a potential cellular active substance in
IVD therapy. The secondary aim of this study was to assess the formulation potential of
FE002-Disc cells in chondrogenically induced spheroids. The primary hypothesis of this
study was that the safety and functionality attributes of the considered primary cell source
were adapted for the development of investigational cell therapies for IVDs. The secondary
hypothesis of this study was that significant functional impacts on the finished products
could be induced by modulation of the manufacturing process technical specifications. The
significance of this study resided in the establishment of defined processes for preparing
fresh, off-the-freezer, or off-the-shelf IVD spheroids using a preclinically qualified allogeneic
cell source. Overall, this study confirmed the critical importance of extensively investigating
both the cell source and the manufacturing processes in the context of investigational
therapeutic product development (i.e., safety and quality enhancement).

2. Materials and Methods
2.1. Reagents and Consumables

The main reagents and consumables were as follows: DMEM culture medium, L-
glutamine, TrypLE™, Opti-MEM™, dexamethasone, BCA assay kits, NuPAGE™ Bis-Tris
4-12% protein gels, 3-mercaptoethanol, PMSE, microAmp fast 96-well reaction plates
(Thermo Fisher Scientific, Waltham, MA, USA); X-gal powder (Chemie Brunschwig, Basel,
Switzerland); papain (Sigma Aldrich, Buchs, Switzerland); FBS, VitCp, low melting point
agarose (Merck, Darmstadt, Germany); human platelet lysate (HPL; Stemulate®, Sexton
Biotechnologies, Indianapolis, IN, USA); penicillin-streptomycin (Biowest, Nuaill¢, France);
ITS II 100x (PAN-Biotech, Aidenbach, Germany); TGF-33 (PeproTech, London, UK);
Blyscan-sulfated glycosaminoglycan assay kits (BioColor, Carrickfergus, UK); telomerase
activity quantification qPCR assay kits (ScienCell, Carlsbad, CA, USA); saccharose (PanReac
AppliChem, Darmstadt, Germany); dextran 40,000 (Pharmacosmos, Wiesbaden, Germany);
Lyoprotect bags (Teclen, Oberpframmern, Germany); lyophilization vials (Schott, Mainz,
Germany); lyophilization stoppers (Datwyler, Altdorf, Switzerland).

2.2. Instruments and Equipment

Cell surface markers were analyzed on a BD Accuri™ C6 Plus FACS system (BD,
Franklin Lakes, NJ, USA). Colorimetric and luminescence measurements were performed
on a Varioskan LUX multimode plate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Telomerase activity assays were run on a QuantStudio 3 PCR Systems instrument (Thermo
Fisher Scientific, Waltham, MA, USA). Immunohistochemistry imaging was performed
on an inverted IX81 fluorescence microscope (Olympus, Tokyo, Japan). Gel imaging was
performed on a Uvitec Mini HD9 gel imager (Cleaver Scientific, Rugby, UK). Sample
lyophilization was performed in a LyoBeta Mini pilot freeze-dryer (Telstar, Terrassa, Spain).
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2.3. Cell Sourcing and Cell Culture Media Composition

The FE002-Disc primary progenitor cell source used for this study consisted of banked
primary human diploid cells from a clinical-grade source, as previously described [33]. The
considered FE002-Disc primary progenitor cells were procured and produced under the
Swiss progenitor cell transplantation program and were made available as cryopreserved
stocks (TEC-PHARMA SA, Bercher, Switzerland). Briefly, a regulated organ donation at
14 weeks of gestation (i.e., FE002 donation) served for the establishment of the primary
progenitor cell source (i.e., FE002-Disc cell type) used in the investigations presented herein.
Full donor informed consent was obtained and confirmed for the organ donation and for
the inclusion in the ad hoc progenitor cell transplantation program. In addition to extensive
donor medical history screening, cytogenetic analyses, and histopathological investigations
of the donated tissues, the donor was serologically tested twice (i.e., at the time of the
donation and three months later) for specified pathogens (i.e., CMV, EBV, HBsAg, HBV,
HCV, HIV-1, HIV-2, HSV, HTLV-1, HTLV-2, S-West Nile virus, Toxoplasma gondii, Treponema
pallidum). Among other primary cell sources, primary progenitor IVD cells were isolated
in vitro from the FE002 organ donation. The isolated IVD tissue biopsies were mechanically
and/or enzymatically processed for the in vitro culture initiation of fibroblastic adherent
primary progenitor cells (i.e., FE002-Disc cell types) in good manufacturing practice (GMP)-
compliant manufacturing suites. Briefly, the procured IVD tissue samples were thoroughly
washed in conserved phosphate-buffered saline (PBS) buffer (Bichsel, Interlaken, Switzer-
land), further dissected, and appropriately processed and conditioned for adherent primary
progenitor cell proliferation initiation.

After the initial addition of adequate proportions of the cell culture medium (i.e.,
Dulbecco’s modified Eagle medium, DMEM, supplemented with 10% v/v fetal bovine
serum, FBS, Gibco™ and Invitrogen™, respectively, Thermo Fisher Scientific [Waltham,
MA, USA)), the cell culture vessels were incubated at 37 °C in humidified incubators under
5% v/v CO;. Following iterative cell culture medium exchange procedures, preliminary
progenitor cell cultures were harvested by trypsinization (i.e., 0.05% trypsin-EDTA, Gibco™,
Thermo Fisher Scientific, USA) and were further used to perform in vitro monolayer
sub-cultures of FE002-Disc cells following the defined ad hoc technical specifications.
Following appropriate maintenance and harvest of the primary cell sub-cultures, the
obtained biological materials were cryopreserved in individual polymeric vials in a DMSO-
containing cryopreservation solution for the establishment of FE002-Disc parental cell
banks (PCB) at passage level 1. After appropriate testing, qualification, and quarantine
release of the cryopreserved FE002-Disc PCB cellular material lots, these were used as the
starting materials in defined serial expansion workflows in order to establish FE002-Disc
master cell banks (MCB) and the FE002-Disc working cell banks (WCB).

For the present study, FE002-Disc cells from a WCB were initiated and were serially
expanded in complete growth medium (CMtc) consisting of high-glucose DMEM supple-
mented with 2 mM L-glutamine and 10% v /v fetal bovine serum (FBS). The FE002-Disc
cells were expanded in humidified incubators at 37 °C with 5% CO, in normoxic (i.e., 21%
O;,) culture conditions or in hypoxic (i.e., 2% O,) culture conditions. The cultures were
maintained until cell monolayers attained confluency, with cell culture medium exchange
procedures performed twice weekly. Respective proliferation characteristics (i.e., cellular
morphology, population doubling values) were determined between the normoxic and
hypoxic culture conditions. The FE002-Disc cells were used between passage levels 5 and
14 in this study, depending on the assay setup. Primary epiphyseal chondroprogenitors
(i.e., FEO02-Cart.Art cell type) were used as controls, where the cells were maintained in
the same way as the FE002-Disc cells and were used between passage levels 6 and 8 in this
study [34].

Cryopreserved primary adipose-derived mesenchymal stem cells (i.e., ASC-F cell
type, passage level 2, 10° cells/vial) were purchased from ZenBio (Durham, NC, USA).
The ASCs were isolated from human subcutaneous abdominal adipose tissue obtained
from a competent 34-year-old female Caucasian donor (i.e., BMI 21.3 kg/ m?Z, non-smoker,
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non-diabetic, non-medicated) undergoing elective surgery. Safety control results from the
supplier indicated that the ASCs tested as negative for HIV, hepatitis B, and hepatitis C.
Quality control results from the supplier indicated conforming results for cellular viability,
trilineage differentiation potential (i.e., adipogenic, chondrogenic, osteogenic), and cell
surface markers (i.e., 97.9% positive for CD105, 99.8% positive for CD44, 0.19% positive for
CD19, and undetectable for CD31). The stem cells were initiated according to the supplier’s
specifications and were seeded at 3.0 x 10° cells/cm? in T75 flasks. The stem cells were
expanded in normoxic culture conditions in specific growth medium (CM-HPL) composed
of high-glucose DMEM supplemented with 2 mM L-glutamine and 5% v/v human platelet
lysate (HPL). The cultures were maintained until the cell monolayers attained confluency,
with medium exchange procedures performed twice weekly. The ASCs were harvested
and used for experiments at passage level 4.

The HeLa cell line was obtained from the Musculoskeletal Research Unit at the Uni-
versity of Zurich (Zurich, Switzerland). The cells were expanded in CMtc in normoxic
conditions in a quarantine incubator. The cultures were maintained until the cell mono-
layers attained confluency, with cell culture medium exchange procedures performed
twice weekly. The cells were harvested and used for experiments when they reached
100% confluency.

2.4. FE002-Disc Cellular Active Substance Preclinical Characterization Assays

The FE002-Disc cellular active substance was firstly analyzed in terms of composition,
safety attributes, and biological function in order to preliminarily confirm its applicability
for therapeutic product formulation. Specifically, the experiments focused on the proteomic
composition of the cellular active substance, the in vitro behavior and robustness of the
primary cells, and the in vitro exclusion of safety-related concerns (e.g., tumorigenicity or
continuous cell line behavior).

2.4.1. Proteomic Composition Screening in Multiplex Analyses

Soluble protein identification and quantification were performed on FE002-Disc cell
lysates at Eve Technologies (Calgary, AB, Canada) using multiplex analyses. For sample
preparation, 107 cells were harvested from cultures, resuspended in 1 mL PBS, and were
thermically lysed using the freeze-thaw method. The samples were then centrifuged at
13,000 rpm at 4 °C for 5 min, and the supernatants were collected. The obtained samples
were analyzed by BCA for total protein quantification and were sent on dry ice for multiplex
analyses. The retained multiplex kits were as follows: the human angiogenesis array and
growth factor 17-plex array, the human cytokine/chemokine 96-plex panel, the human
soluble cytokine receptor 14-plex array, the human MMP and TIMP panel for cell cultures,
and the cytokine TGF-3 3-plex array. Based on the obtained proteomic data, specific
protein concentrations in the samples were calculated by normalization to the total protein
contents.

2.4.2. Cell Surface Marker Characterization by Flow Cytometry

From an identity and purity standpoint, the cellular active substance was analyzed
for cell surface marker expression. Therefore, cell surface marker characterization was
performed by FACS analysis on FE002-Disc cells at passage level 6. The harvested cells were
incubated with specific primary antibodies coupled to either FITC or PE fluorophores for
1 h. Selected cell surface marker antibodies were anti-human CD90, CD73, CD105, CD26,
CD166, CD44, HLA-ABC, CD19, CD14, CD34, CD45, and HLA-DPQR. Antibody references
are presented in Supplementary Methods. The samples were run on a BD Accuri™ C6 Plus
FACS system, and data analysis was performed with the BD Accuri™ C6 software, v264.21.

2.4.3. Phenotypic Stability Assessment in Chemical Induction Assays

From an identity and cell type stability standpoint, the cellular active substance
was analyzed for potential phenotypic plasticity in chemical induction assays. Therefore,
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FE002-Disc cells were analyzed in terms of differentiation potential under adipogenic,
osteogenic, and chondrogenic culture conditions. ASCs were included in the assays as
positive differentiation controls in adipogenic and osteogenic induction. The effect of
in vitro cellular passaging/aging on the differentiation potential of the FE002-Disc cells
was evaluated by iteratively performing the experiments in triplicate at passage levels 6-11.

For adipogenic differentiation assays, the cells were seeded in 12-well plates and
were maintained in culture in their respective media under normoxic conditions until 80%
confluency was attained. The cells were then transferred and maintained in adipogenic
induction medium, consisting of proliferation medium supplemented with ITS, 1 uM
dexamethasone, 100 uM indomethacin, and 100 uM IBMX. After two weeks of induction,
the cells were fixed in 4% formalin and were stained with Oil Red O for the revelation of
lipid droplets.

For osteogenic differentiation assays, the cells were seeded in collagen 1-coated 12-well
plates and were maintained in culture in their respective media under normoxic conditions
until 50% confluency was attained. The cells were then transferred and maintained in
osteogenic induction medium, consisting of DMEM with 5% HPL, supplemented with
80 png/mL VitCp, 5 mM B-glycerophosphate, and 100 nM dexamethasone. After three
weeks of induction, the cells were fixed in 4% formalin and stained with Alizarin Red.

For chondrogenic differentiation assays, 5 x 10° cells were transferred in 15 mL tubes
and were centrifuged for 5 min at 500 x g. The formed cell pellets were then maintained
in chondrogenic induction medium, consisting of DMEM supplemented with ITSII 1x,
100 nM dexamethasone, 10 ng/mL TGF-33, and 82 ug/mL VitCp. The cell pellets were
maintained in normoxic conditions for 4 weeks with medium exchanges performed three
times per week before fixation in 4% formalin. Following sample inclusion and histology
slide preparation, staining with Alcian Blue, anti-ACAN, and anti-collagen 2 antibodies
was performed (Musculoskeletal Research Unit, University of Zurich, Zurich, Switzerland).

2.4.4. 3-Galactosidase Staining for In Vitro Cell Senescence Assessment

From a first safety evaluation standpoint, the 3-galactosidase assay was retained in
order to confirm that the FE002-Disc cells possess limited proliferation potential and become
senescent over in vitro passaging (i.e., limited proliferation lifespan, excludes tumor cell
behavior). Therefore, proliferating cells at passage levels 7 and 14 were fixed for 5 min in
fixation solution (i.e., 1.85% formaldehyde with 0.2% glutaraldehyde) and were then rinsed
with PBS 1x. Staining was performed at 37 °C with a SA-{3-gal staining solution, consisting
of 0.1% X-gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl,
and 2 mM MgCl, in a 40 mM citric acid /sodium phosphate solution at pH 6.0. Following
overnight staining, the cells were washed, and the presence of 3-galactosidase-positive
(i.e., blue staining) cells was observed microscopically. Random field imaging (n = 8) was
performed in contrast phase microscopy, and operator enumeration of senescent cells
was performed.

2.4.5. Telomerase Activity Quantification for In Vitro Tumorigenicity Assessment

From a second safety evaluation standpoint, an in vitro telomerase activity quan-
tification assay was performed in order to confirm that the FE002-Disc cells present low
levels of telomerase activity as compared to the tumorigenic HeLa cells. Therefore, a qPCR
telomerase activity quantification kit was used to determine the relative level of telomerase
activity in the samples. HeLa cells were used as positive controls, and FE002-Cart.Art cells
were used as negative controls. The assay was performed according to the instructions of
the manufacturer, wherein frozen dry cell pellets were used as starting materials. Cell lysis
was performed by adding lysis buffer supplemented with PMSF and 3-mercaptoethanol to
the pellets, followed by a 30 min incubation on wet ice. The samples were centrifuged at
12,000 g at4 °C for 20 min, and the supernatants were transferred to new Eppendorf tubes.
For telomerase activity detection, the samples, telomerase reaction buffer, and nuclease-free
water were mixed and incubated at 37 °C for 3 h. The reaction was quenched by heating the
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samples at 85 °C for 10 min. The qPCR reactions were prepared by mixing the quenched
samples, primers, TaqGreen qPCR master mix, and nuclease-free water. The qPCR run
conditions comprised an initial denaturation step of 10 min at 95 °C and 36 amplification
cycles (i.e., denaturation over 20 s at 95 °C; annealing over 20 s at 52 °C; extension over 45
s at 72 °C). The samples were run in triplicate. Resulting Ct values > 33 were assessed as
being negative. Relative telomerase activity quantification between the HeLa cells and the
included primary cells was based on the 2"#4¢t calculation method.

2.4.6. Soft Agarose Colony Formation Assay for In Vitro Semi-Quantitative
Tumorigenicity Assessment

From a third safety evaluation standpoint, a standard soft agarose cell colony for-
mation assay was used to assess the potential of the FE002-Disc cells to proliferate in
non-adherent settings (i.e., a characteristic of tumoral cells). The assays were performed
in triplicate in 24-well microplates. The solid agarose layer (i.e., bottom layer) was com-
posed of 0.6% agarose in PBS- and FBS-supplemented growth medium with 1% penicillin-
streptomycin. The soft agarose layer (i.e., top layer) was composed of 0.4% agarose and
contained the investigated cellular materials (i.e., 500-10* viable cells/well). The cells had
been freshly harvested from confluent cultures. CMtc with 1% penicillin-streptomycin was
added on top of the soft agarose layer, and the assay plates were incubated at 37 °C under
5% CO; (i.e., normoxic and hypoxic conditions) in a humidified incubator for 21 days. The
plates were regularly microscopically assessed, and representative imaging was performed
(i.e., days 1, 4, 7, 21) to comparatively assess the formation of non-adherent cell colonies.

2.4.7. Timecourse of HIF-1 Induction with Western Blotting Readout

The hypoxic incubation condition retained for this study (i.e., 2% O, level) was de-
signed to mimick the local hypoxic environment of the IVD structure. In order to assess
the impact of incubation condition modification (i.e., from normoxia during the cell am-
plification phase to hypoxia for the subsequent spheroid manufacturing phase), a HIF-1
induction assay was performed on cell monolayers. Therefore, FE002-Disc cells at passage
level 6 were thawed, seeded in 6-cm culture dishes at 3 x 102 cells/cm? in CMtc, and
maintained in normoxic conditions. When the cells reached 90% confluency, the plates
were transferred in hypoxic culture conditions. The cells were then lysed in RIPA lysis
buffer supplemented with proteinase inhibitors at different time points and were stored at
—20 °C until analysis. Total protein levels in the samples were quantified using a BCA assay.
Then, 10 pug of total protein/sample were separated by electrophoresis on 4-12% Bis-tris
polyacrylamide gels and were transferred onto a nitrocellulose membrane. The membrane
was incubated overnight at 4 °C with primary anti-HIF-1« (BD Biosciences, Franklin Lakes,
NJ, USA) and anti-actin (Thermo Fisher Scientific) antibodies. The following day, the mem-
brane was incubated with the corresponding secondary antibody (i.e., anti-mouse-HRP or
anti-rabbit-HRP). Revelation was performed with the ECL™ Prime chemiluminescence
detection system.

2.4.8. Inflammatory Challenge Assays

In order to assess the behavior and resilience of the FE002-Disc cells in inflammatory
environments (e.g., degenerating IVDs), an in vitro inflammatory challenge assay was
performed. Therefore, FE002-Disc cells at passage level 5 were seeded at 5 x 103 cells/cm?
in 24-well plates. The cells were maintained in CMtc in normoxic or hypoxic conditions.
After 8 days in culture, the medium was replaced by CMtc supplemented with TNF-« at
doses ranging from 0 to 100 ng/mL. The assay plates were incubated again for 24 h. Then,
cellular morphology was recorded, and the levels of IL-6 and IL-8 secretion in the assay
medium were determined by ELISA (Peprotech, Cranbury, NJ, USA).

11



Pharmaceutics 2024, 16, 1274

2.5. FE002-Disc Cell Spheroid Manufacture Optimization and Functional Controls

Therapeutic cell-based products (i.e., cell suspensions or cell spheroids) have been
studied for intra-NP delivery in IVD affections. Using the FE002-Disc cellular active sub-
stance, finished product prototypes in the form of chondrogenically induced cell spheroids
were manufactured, controlled, and optimized for quality and function (e.g., aggrecan
deposition and collagen II expression), as described in the following sub-sections.

2.5.1. Cell Spheroid Manufacture under Hypoxia

From a function-oriented manufacturing optimization standpoint, the effects of the
chondrogenic induction medium composition and incubation atmosphere on cell spheroid
formation were assessed. Therefore, FE002-Disc cells were seeded in cell-repellent 96-
well plates using 2040 x 10 cells per well and spontaneously formed cell spheroids
overnight. The spheroids were maintained in CMtc or in chondrogenic differentiation
medium variants (i.e., dexamethasone concentrations of 1-100 nM) and in normoxic or
hypoxic conditions. The plates were maintained in culture for three weeks with medium
exchanges performed three times per week. Microscopic imaging was performed once a
week (i.e., documenting spheroid size evolution over time).

2.5.2. Cell Spheroid Cryopreservation and Lyophilization

In order to potentially obtain off-the-freezer or off-the-shelf spheroid formulations,
pilot cryopreservation and lyophilization protocols were investigated. Therefore, large
FE002-Disc spheroid batches were prepared with a chondrogenic induction period of three
weeks. For the cryopreservation arm, groups of 4 spheroids were suspended in cryotubes
in a freezing solution composed of 50% CMtc, 40% FBS, and 10% DMSO. Controlled-rate
freezing was performed in a CoolCELL device placed at —80 °C overnight, followed by
transfer to liquid nitrogen storage. For the lyophilization arm, groups of 4 spheroids
were suspended in 2R clear glass vials in a lyopreservation solution composed of 8% m /v
saccharose and 2% m /v dextran 40,000 in a buffered injection-grade solvent. Freezing was
performed overnight at —20 °C. Primary drying was performed overnight at a product
temperature of 7 °C under 0.08 mbar. Secondary drying was then performed for 6 h ata
product temperature of 30 °C under 0.01 mbar. The lyophilized samples were sealed and
stored at 4 °C until use.

2.5.3. DMMB Quantification for Assessment of ECM Deposition

From a first chondrogenic function assessment viewpoint, total GAG deposition in
the spheroids was quantified using a DMMB kit according to the manufacturer’s protocol.
Briefly, 4 spheroids were harvested for each condition, washed once with PBS, and were
incubated for 3 h in papain digestion buffer until complete lysis. The samples were
centrifuged at 10,000 rpm for 10 min, and the supernatants were transferred into new
Eppendorf tubes. Total GAG precipitation was obtained by mixing the samples or standard
with the dye reagent, followed by 30 min of incubation at ambient temperature. The
samples were then centrifuged at 12,000 rpm for 10 min and were carefully inverted to
discard all the supernatant. A dissociation reagent was added to the GAG pellets to release
the dye, and the samples were vortexed until complete dye dissociation. The samples were
centrifuged at 12,000 rpm for 5 min. Finally, 100 pL of standard or sample were transferred
to 96-well plates, and the absorbance value was measured at a wavelength of 656 nm. Total
GAG contents in the samples were determined using a dye standard curve.

2.5.4. Western Blotting and Immunohistology for Specific ECM Component Visualization

From a second chondrogenic function assessment viewpoint, cartilage oligomeric
matrix protein (COMP) expression evaluation in the spheroids was performed by Western
blotting. Therefore, 4 spheroids for each condition were pooled, treated with RIPA lysis
buffer supplemented with protease inhibitors, and sonicated. The samples were then incu-
bated for 15 min on wet ice, centrifuged at 13,000 rpm for 5 min, and the supernatants were
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transferred into new Eppendorf tubes. The samples were then separated by electrophoresis
on 4-12% Bis-tris polyacrylamide gels and were transferred onto nitrocellulose membranes.
The membranes were incubated overnight at 4 °C with the primary anti-COMP (Abcam,
Cambridge, UK) and anti-actin (Abcam) antibodies. The following day, the membranes
were incubated with the anti-rabbit-HRP secondary antibody. Revelation was performed
with the ECL™ Prime chemiluminescence detection system.

From a third chondrogenic function assessment viewpoint, ECM components of the
spheroids were evidenced using direct staining and immunohistology. Therefore, at the
end of the manufacturing phase, the spheroids were harvested and fixed overnight at 4 °C
in a 4% formalin solution. The samples were then rinsed three times with PBS and were
transferred to 70% EtOH at 4 °C until inclusion in paraffin. Thin 5-pm sections were cut
and stained for ECM components (e.g., ACAN, COL2).

2.6. Statistical Analysis and Data Presentation

For the statistical comparison of average values from two sets of data, a paired Stu-
dent’s t-test was applied, following an appropriate evaluation of the normal distribution
of the data. A p-value < 0.05 was specified for statistical significance determination. The
calculations and data presentation were performed using Microsoft Excel v16.0, Microsoft
PowerPoint v16.0 (Microsoft Corporation, Redmond, WA, USA), and GraphPad Prism ver-
sion 8.0.2 (GraphPad Software, San Diego, CA, USA). Physical descriptions of the spheroid
parameters (e.g., circularity, roundness, Feret’s diameter) were calculated using the Image]
software v1.54k (National Institutes of Health, Bethesda, MD, USA).

3. Results
3.1. Identity and Compositional Attributes of the FEO02-Disc Progenitor Cell Source

As the FE002-Disc cell source was not previously extensively characterized, the first
area of experimental interest from an identity standpoint consisted in cell surface markers.
Therein, FE002-Disc cells presented a panel of cell surface markers similar to that of the
previously published FE002-Cart.Art cell source, but also to the FACS profiles described
for NPSCs [35,36]. Specifically, FE002-Disc cells were found to be positive for CD73, CD90,
CD105, CD26, CD44, CD166, and HLA-ABC markers (Table S1). Furthermore, they were
negative for the endothelial cell marker CD34 and for the immune cell markers CD19,
CD45, CD14, and HLA-DPQR (Table S1). Of note, no difference in cell surface marker
expression was evidenced between cell culture conditions (i.e., normoxic versus hypoxic
cell expansions, Table S1). Globally, the obtained FACS data confirmed that the FE002-
Disc cells were close to alternative progenitor or stem cell sources in terms of surface
marker expression while presenting an appropriate immunological profile for therapeutic
allogeneic applications (Table S1) [35,36].

From an active substance composition and function standpoint, the FE002-Disc cell source
was investigated using proteomic analyses. Importantly, one of the predominantly described
mechanisms of action (MoA) for cell-based therapies is the paracrine effect of the transplanted
cells [37-39]. Thus, multiplex analyses were performed on cell lysate soluble fractions in order
to identify potentially active proteins/factors to be used as biochemical markers. The samples
were analyzed using kits targeting MMPs/TIMPS, angiogenesis and growth factors, TGF-§3,
cytokines, chemokines, and soluble cytokine receptors. The most abundant proteins belonged
to the MMP /TIMPs, growth factors, and soluble receptor families (Table S2). Furthermore, the
investigated soluble fractions contained only low amounts of cytokines and chemokines (Table
S2). Interestingly, no logjo difference between normoxia and hypoxia culture conditions was
evidenced for these proteinic targets (Table S2).

From a more detailed mechanistic breakdown viewpoint, several identified compo-
nents of the cellular active substance were found to be relevant in an IVD treatment context,
as detailed hereafter (Table S2). Notably, increased MMP levels were evidenced in cases
of degenerated IVD [12]. Conversely, TIMPs are known to be expressed at low levels in
non-degenerated IVD tissue [12]. Thus, the presence of TIMPs in therapeutic biological
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formulations may participate in the regulation of endogenous MMPs for reduction of
ECM degradation. Similarly, the in vivo therapeutic use of HGF was reported to alter
matrix catabolism but without promoting anabolism [16]. Of note, IL-6 is upregulated
in degenerated IVDs; therefore, downregulation of IL-6 signaling by sgp130 could poten-
tially reduce the degenerative process (Table S2). Furthermore, sTNFER (i.e., natural TNF
scavenger) may help to regulate the negative effects (e.g., induced production of MMPs
and ILs, cellular apoptosis) of overexpressed TNF in IVD affections [40]. Overall, while
proteomic composition is a highly limited functional proxy for cell therapies and tissue
engineering products, the presence of factors and proteins with confirmed roles in IVD
pathophysiology was interpreted positively from a quality standpoint (e.g., specific active
substance functional markers; Table S2).

3.2. In Vitro Lifespan of FE002-Disc Progenitor Cells: Quality-Guided Selection of Appropriate
Passage Levels

A major advantage of using an allogeneic therapeutic cell source resides in the pos-
sibility of preparing standardized products without the need for patient-specific starting
material harvest biopsies. The use of primary cells (e.g., FE002-Disc cell source) inherently
implies that a defined in vitro cellular lifespan must be characterized and considered for
manufacturing (i.e., cell banking, product formulation) technical specification establish-
ment. In detail, primary cells should not be used as an active substance at advanced
in vitro passage levels (i.e., end of production passage levels), where loss of quality and
functionality attributes may be expected due to the onset of cellular senescence. Thus, a
large portion of manufacturing process development was based on iterative quality and
functionality assays, performed throughout the in vitro cellular lifespan of the FE002-Disc
cells while using culture condition variants.

The critical parameter linking in vitro cellular lifespan and functional stability at-
tributes of the FE002-Disc cell source was phenotypic stability, or the sensitivity of the
cells towards chemical induction. Firstly, two-dimentional osteogenic and adipogenic
differentiation assays confirmed that FE002-Disc cells behaved consistently throughout
serial subculturing (i.e., passage levels 7-11, Figure 1).

In detail, the FE002-Disc cells were shown to produce no mineralized matrix under
osteogenic induction, while strong AR staining was observed in ASC controls after 3 weeks
of differentiation (Figure 1A,C). Parallelly, mild lipid droplet accumulation within the
primary progenitor cells was observed in adipogenic induction, but to a much lower extent
than in the ASC controls (Figure 1B,C). This specific behavior (i.e., consistent throughout
passages) was potentially linked to the presence of a small and persistent fraction of adi-
pogenic progenitor cells (i.e., low amount, not capable of osteogenesis in this system) in the
considered progenitor cell population. Alternatively and more probably, this behavior may
be explained by the known properties of NP cells, which intrinsically present some pheno-
typic plasticity [41]. Importantly, the absence of phenotypic shifts throughout passages in
monolayer adipogenic and osteogenic induction conditions confirmed the stability of the
cell population toward adherent state differentiation (Figure 1).

Secondly, the chondrogenic differentiation potential of the FE002-Disc cells and the stability
thereof were investigated in a three-dimensional (i.e., cell pellets) chemical induction setup.
Therein, the chondrogenic potential of the cellular active substance was confirmed (Figure 2).

Specifically, cell pellets maintained in 3D in chondrogenic induction medium presented
GAG accumulation (i.e., AB positive staining) and were positive for ACAN and COL2 depo-
sition, which are characteristic NP proteins (Figure 2). Thus, the cells were found to regain
chondrogenic differentiation potential and activity in 3D (e.g., induction and deposition of
COL2), which is transiently lost during 2D cell expansion. However, a strong impact of in vitro
cell aging (i.e., through serial passaging) was observed on the chondrogenic differentiation
potential of the cells. In detail, a reduction in pellet size, a reduction in COL2 and ACAN
expression, and a reduction in pellet staining homogeneity were recorded after passage level
7 (Figure 2). Thus, while FE002-Disc cells were shown to proliferate homogeneously in vitro
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in monolayers at least until passage level 11, the investigated functional attributes technically
limited their further use to passage levels < 7 (Figures 1 and 2). Finally, it is noted that the
retained readouts and specific stains used in the cellular active substance qualification assays
corresponded to the current state-of-the-art of characterization and validation of chondrogenic

cells for cell and gene therapies (Figure 2) [42].
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Figure 1. Results of iterative FE002-Disc progenitor cell phenotype plasticity assessments in chemical
osteogenic and adipogenic induction studies. (A) No osteogenic differentiation was observed fol-
lowing Alizarin Red staining. (B) Mild adipogenic differentiation (i.e., lipid droplet accumulation
upon differentiation in some of the cells in the population but not in all cells) was observed following
Oil Red O staining. (C) Illustration of positive control groups for osteogenic (Alizarin Red staining,
saturated with colorant due to strong cell differentiation) and adipogenic (Oil Red O staining) differ-
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the chemical induction protocols. Scale bars = 200 um. ASC, adipose stem cells.
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Figure 2. Results of iterative FE002-Disc progenitor cell phenotype plasticity assessment in chemical
chondrogenic induction studies. The assays were carried out on large cell pellets in order to assess
the intrinsic decline in chondrogenic potential over passage levels. Positive chondrogenic differentia-
tion was observed throughout passages following staining of standard markers of cartilage ECM
components (i.e., Alcian Blue staining for GAGs or immunohistochemical staining for aggrecan and
collagen II). Scale bars = 2 mm. ECM, extracellular matrix; GAG, glycosaminoglycan.

3.3. FE002-Disc Progenitor Cell Resilience in Hypoxic and Inflammatory Environments

The degenerative IVD environment is known to be particularly harsh, with low oxygen
and nutrient supplies, inflamed and acidic microenvironments, and important biomechani-
cal constraints [9,24,25]. Therefore, several in vitro experiments were performed in order to
assess the resilience of FE002-Disc cells placed in artificially challenging conditions. Such
assays aimed to preliminarily determine if the considered progenitor cells were capable of
withstanding hypoxic or inflamed environments.

The choice was made to work in a hypoxic environment in the present study in order
to approximate the native physiological environment of the IVD cells. Specifically, the
human IVD is avascular, resulting in an O, gradient from the disc exterior region to the disc
interior region (i.e., O, levels reaching down to 1%) [43]. Furthermore, as in vitro hypoxic
studies are often conducted between 1-5% O,, the value of 2% O, was selected herein as a
standardized condition in order to mimic a relatively strong hypoxia level that is coherent
with physiological tissues [43]. The anticipated effect of hypoxia as regards the behavior of
the FE002-Disc cells was initially a reduction of cellular proliferation or function, based on
the reduced availability of oxygen, similar to native IVD tissue.

Firstly, the effects of hypoxic incubation conditions on FE002-Disc cell survival and cell
proliferation were quantified. Therefore, good monolayer cell adhesion and cellular prolif-
erative morphology were observed in hypoxic culture conditions as compared to normoxic
controls (Figure S1). No apparent cell death (i.e., abnormal morphology, cell detachment) or
distress was recorded, and cell proliferation was statistically significantly higher in hypoxic
environments as compared to normoxia until day 6 of culture (Figures 3A and S1).
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Figure 3. Results of FE002-Disc progenitor cell biological responses to hypoxic incubation conditions
(i.e., 2% Oy). (A) Comparative growth curves revealed significantly enhanced cellular proliferation in
hypoxic conditions compared to normoxic conditions. (B) The significant increase (i.e., p-value < 0.05,

1y

identified by an asterisk “*”) in cellular proliferation under hypoxia was confirmed by analysis
of the population doubling values and population doubling times. (C) Results of a timecourse
HIF-1 detection assay with Western blot revelation. Transient HIF-1 induction was recorded during
the first days of primary progenitor cell incubation in a hypoxic environment. Whole-gel imaging
is presented in Figure S2. HIF, hypoxia-inducible factor; PDT, population doubling time; PDV,

population doubling value.

Of note, no statistically significant differences were found between the groups at
the final timepoint of the assay (i.e., day 7 of culture), which was linked to the presence
of confluent cells in the hypoxic group (Figure 3A,B). This factor probably inhibited the
cellular proliferation for hypoxic cultures, while normoxic cultures were still sub-confluent
at the 7-day timepoint. Namely, once the cells reached confluency, their proliferation
probably slowed, this event occurring earlier for the hypoxic condition. From a biochemical
standpoint, the FE002-Disc cells, which were maintained in normoxia, did not express
HIFE-1, as expected (Figure 3C). However, cell exposure to hypoxia led to a rapid response
by stabilizing the HIF-1o protein and inducing signaling cascades. Consequently, HIF-1
expression was detected as early as 1 h following cell culture transfer from normoxia to
hypoxia (Figure 3C). Globally, HIF-1 induction was recorded to be transient, as a progressive
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reduction in HIF-1 expression was observed after 48 h and 72 h of culture in hypoxia
(Figure 3C).

As previously mentioned, inflammation is a hallmark of the degenerative IVD en-
vironment [44,45]. Therefore, therapeutic cells of cell-based constructs are mandatorily
exposed to such adverse stimuli following transplantation. The resilience and behavior
of the FE002-Disc cells were thus experimentally studied in an in vitro model of inflam-
mation. Progenitor FE002-Disc cells were treated with increasing doses of TNF-« (i.e., up
to 100 ng/mL) for 24 h and were maintained in normoxic or hypoxic conditions. Cellular
morphology was recorded, and the secretion of IL-6 and IL-8 by the cells was quantified by
ELISA (Figure 4).
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Figure 4. Results of FE002-Disc progenitor cell biological responses to a chemical inflammatory
stimulus in normoxic and hypoxic culture conditions. (A1,A2) Normal cellular morphology (i.e.,
absence of toxicity signs) following expansion in normoxia, with and without TNF-« stimulation.
Scale bars = 200 pm. (B1,B2) Normal cellular morphology (i.e., absence of toxicity signs) following
expansion in hypoxia, with and without TNF-« stimulation. Scale bars = 200 um. (C1,C2) ELISA-
based quantification of total IL-6 and IL-8 following TNF-« stimulation of cells expanded in normoxia
and in hypoxia, respectively. IL, interleukin; TNF, tumor necrosis factor.
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In detail, the goal of the assay was to determine the cells’ behavior upon exposure
to TNE, which was retained as a proxy for the hostile environment of the degenerated
IVD. Specifically, TNF (i.e., multifunctional pro-inflammatory factor) is an activator of IVD
degeneration (e.g., inflammatory response, cellular apoptosis). Indeed, TNF levels are
increased in the nucleus pulposus of patients with degenerating IVDs, and it promotes
the progression of the disease [46]. Notably, TNF injection in a porcine intervertebral disc
model led to degenerative changes in the disc (i.e., decreased disc height, formation of
fissures) [46].

Importantly, no changes in cellular morphology and no cellular detachment were
observed after 24 h of TNF-« treatment in both incubation conditions, as observed in
microscopy images of the cells (Figure 4A,B). In the absence of TNF-o treatment, no IL-6
secretion was observed, while basal IL-8 levels were already detected (Figure 4(C1,C2)).
Furthermore, TNF-« stimulation was shown to induce IL-6 and IL-8 secretion in a dose-
dependent manner (Figure 4C). In the TNF-a-stimulated groups, no shift in the IL induction
curves was observed between normoxic and hypoxic culture conditions (Figure 4C). Of
note, the absolute values of IL-6 and IL-8 in the hypoxic condition may have partly resulted
from the increased cellular proliferation induced by hypoxia or from cellular potentia-
tion by hypoxia (Figure 4C). Specifically, as the absolute values of secreted IL probably
resulted from a complex effect (i.e., presence of more cells in the hypoxic group, presence
of metabolically different cells in the hypoxic group), the normalization of IL levels to the
cell counts was not performed. Thus, the observed increase in IL-6 and IL-8 levels could
not be individually and directly attributed to the use of hypoxic incubation conditions
versus the use of normoxic incubation conditions in this experimental setup (Figure 4C).
Notwithstanding, TNF stimulation resulted in statistically significant (i.e., p-value < 0.05)
increases in IL-6 and IL-8 levels in the assay cultures at all tested concentration ranges
(Figure 4C).

Finally, even though ECs values could not be experimentally calculated for IL-6 (i.e.,
the upper plateau was not defined), it was apparent that the IL-8 ECsy value was inferior to
that of IL-6 (Figure 4C). Globally, the obtained datasets confirmed that the FE002-Disc cells
were resilient in models of hypoxic environment and inflammation (Figures 3 and 4). Such
attributes were interpreted positively from a physiological function viewpoint for IVD
progenitor cells and from a therapeutic standpoint in view of cell implantation in adverse
in vivo microenvironments.

3.4. FE002-Disc Progenitor Cell Source In Vitro Safety Characterization

The therapeutic use of viable exogeneous cells or cell-based products inherently com-
ports a risk of adverse effects, among which the formation of tumors. Therefore, thorough
preclinical safety evaluation of specific cell sources is a prerequisite for any therapeutic
product development process, especially for substantially manipulated materials (e.g.,
culture-expanded cells). For preliminary safety evaluation of the FE002-Disc cell source and
following the principle of 3R rules, multiparametric in vitro analyses were performed [47].

Firstly, the FE002-Disc cell source was confirmed to possess a finite in vitro lifespan
by experimental verification of cellular senescence attainment over serial passaging. A
significant increase in cell PDT was observed between passage levels 6 and 13 (i.e., 92.4 h
versus 66.7 h), along with a corresponding decrease in PDV (i.e., 3.60 versus 4.97).

Secondly, -galactosidase staining demonstrated a statistically significant increase in
the presence of senescent cells (i.e., positive blue cells) at high passage levels as compared
to lower cell passage levels (i.e., 12.1% positive cells at passage level 6, 44.9% positive cells
at passage level 13). Of note, no significant differences were outlined in terms of cellular
senescence between the normoxic and the hypoxic culture conditions (Figure S3).

Thirdly, telomerase activity was quantified in FE002-Disc cells and was compared
to that of the cancerous HeLa cell line (i.e., positive control) and that of FE002-Cart.Art
cells (i.e., negative control). Experimentally, telomerase activity was detected in both of the
included progenitor cell types but to a much lower extent than in HeLa cells (Figure S4).
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In detail, FE002-Disc cells presented telomerase activity levels higher than those of FE002-
Cart.Art cells but similar to those of FE002-Ten primary progenitor tenocytes [34,48]. As no
in vivo adverse effects (i.e., specifically with regard to tumor formation) were reported for
both the FE002-Cart.Art and the FE002-Ten cells, the obtained telomerase activity data for
the FE002-Disc cells was considered to meet expectations from a safety viewpoint [34,48].

Finally, soft agarose colony formation assays were performed in order to experimen-
tally exclude the presence of tumorigenic behavior of the FE002-Disc cells in non-adherent
culture conditions. Therein, positive control HeLa cells showed rapid colony formation and
colony growth already at day 7 after cell seeding (Figure S5C). Namely, the HeLa cultures
were stopped at day 14, as the cell colonies were becoming too large for the retained model.
Conversely, no colony formation was observed in the FE002-Disc progenitor cell groups
(i.e., normoxia and hypoxia conditions), even though ten times more cells were seeded per
well (Figure S5A,B).

Overall, the presented safety-related experiments confirmed that the FE002-Disc cells
reached senescence over serial in vitro passaging, presented low levels of telomerase
activity, and were incapable of anchorage-independent cellular proliferation. While further
in vivo tumorigenicity experiments are warranted to confirm the preclinical safety of the
FE002-Disc cell source, the compiled in vitro data reported herein does not exclude such
biological materials from further translational research based on safety-related attributes.

3.5. FE002-Disc Cell Spheroid Formulation Process and Function-Guided Optimization

Based notably on the use of spheroids/microtissues for the treatment of knee carti-
lage defects, several similar formulations were studied for IVD applications [49-54]. This
approach is notably set forth to protect the transplanted cells in the adverse target im-
plantation environment, as well as to directly supplement the administration site with
exogeneous ECM (e.g., ACAN, COL2) [52,55,56]. Therefore, based on the functional and
safety data gathered on the FE002-Disc cells in monolayer culture (i.e., cellular active
substance), three-dimensional finished product prototypes in the form of cell spheroids
were prepared and studied. Experiments were based on the reported effects of medium
composition and incubation conditions on the chondrogenic potential of expanded articular
chondrocytes [57-62].

Preliminary experiments demonstrated that the FE002-Disc progenitor cells could
spontaneously form cell spheroids in low-attachment plates (Figure S6). Therein, the cell
spheroids were maintained in culture for 14 days in normoxic or hypoxic environments
and in the presence of complete growth medium or chondrogenic induction medium. The
most significant increase in spheroid size over time was observed during the second week
of culture, when chondrogenic medium and hypoxia culture conditions were combined
(Figure S6B). Thus, for all further assays, the use of chondrogenic medium and hypoxic
incubation conditions was retained.

Once the basic spheroid formulation process was established, further function-based
optimization campaigns were carried out. Firstly, the dexamethasone concentration in
the chondrogenic induction medium was optimized. Therein, a macroscopic increase in
spheroid size was recorded across all groups between days 620, but the 1 nM and 100 nM
dexamethasone concentrations tended to yield smaller spheroids (Figure 5A).

From a specific quantitative standpoint, cartilage oligomeric matrix protein (COMP)
endpoint expression in the spheroids was strongly reduced when 1 nM dexamethasone was
used, but it was otherwise consistent (Figure 5B). Of note, COMP is an ECM glycoprotein
originally identified in cartilage and which plays a notable role in chondrogenesis [63]. For
a broader quantitative overview of the deposited ECM in the studied spheroids, total GAG
quantification was performed. The results showed that GAG contents were influenced
by the dexamethasone concentration, where the highest GAG content was observed with
25 nM dexamethasone (Figure 5C). Specifically, the statistical analysis revealed that the
GAG contents were significantly higher (i.e., p-value < 0.05) at 25 nM compared to 100 nM
and significantly lower (i.e., p-value < 0.05) at 1 and 10 nM compared to 100 mM (Figure 5C).
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However, reducing the dexamethasone to concentrations as low as 1 nM still resulted in
relatively high GAG contents, suggesting that the standard dexamethasone concentration
(i.e., 100 nM) could be reduced in the spheroid production process (e.g., 1-25 nM).
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Figure 5. Results of FE002-Disc progenitor cell spheroid functional optimization assays, with com-
parative multiparametric assessment of various dexamethasone concentrations in the chondrogenic
induction medium. (A) Comparative macroscopic assessment of the effect of dexamethasone concen-
tration on cell spheroid size and morphology at various timepoints. Scale bars = 500 um. (B) Com-
parative endpoint assessment of the effect of various dexamethasone concentrations on the endpoint
expression level of COMP, with Western blot revelation. Whole-gel imaging is presented in Figure S7.
(C) Comparative endpoint assessment of the effect of various dexamethasone concentrations on
the quantity of total GAGs in the cell spheroids. COMP, cartilage oligomeric matrix protein; GAG,
glycosaminoglycans.

From a physical characterization viewpoint, analysis of the spheroids produced with
10 and 100 nM dexamethasone (i.e., optimized condition and reference condition, respec-
tively) indicated that the area of the spheroids and their Feret’s diameter increased over
time in culture and that appropriate circularity and roundness values were consistently
obtained (Table 1).
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Table 1. Physical characterization results of FE002-Disc spheroids produced with 10 nM and 25 nM
dexamethasone, as presented in Figure 5.

Parameter Circularity Feret’s Diameter (mm) Roundness
Dexamethasone Concentration (nM) 10 nM 100 nM 10 nM 100 nM 10 nM 100 nM
D7 Timepoint 047 £012 056+010 0984005 097+£0.02 0954002 096 £0.01
D14 Timepoint 0424016 046+0.08 1.09+0.02 1.08+£0.05 0964002 0.9740.02
D21 Timepoint 0.51+0.08 054+008 119+002 124+010 096+001 0.88+0.05

The results presented in Figure 5 confirmed that the dexamethasone concentration
in the chondrogenic induction medium impacted COMP expression and GAG contents,
but these quantitative analyses did not allow to evaluate the quality (e.g., homogeneity)
of matrix deposition in the considered spheroids. Therefore, histology was performed to
observe ECM deposition. Therein, all dexamethasone concentrations resulted in strong
endpoint AB and ACAN staining throughout the spheroids (Figure 6).
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Figure 6. Results of FE002-Disc progenitor cell spheroid functional optimization assays, with compar-

ative endpoint histological assessment of various dexamethasone concentrations in the chondrogenic

induction medium. Scale bars = 500 um.

Of note, collagen II was also significantly expressed, but not throughout the spheroids
(i.e., formation of an inner matrix-rich core surrounded by a dense cellular outer layer;
Figure 6). Importantly, COL2 deposition was affected by the dexamethasone concentration,
where a better homogeneity of staining was recorded with reduced concentrations (i.e.,
1-10 nM; Figure 6). Based on the compilation of the obtained functional data for FE002-Disc
cell spheroid formulation, a relatively low dose of 10 nM dexamethasone was retained in
the chondrogenic induction medium. This choice was based on quantitative aspects of ECM
component deposition in the spheroids, as well as qualitative aspects of ECM distribution.

Finally, it is noted that despite the absence of systematic verification of cellular vi-
ability throughout the spheroid culture period (e.g., ATP-based assays), the presence of
metabolically active and functional cells throughout the culture phase was indirectly con-
firmed. Namely, the consistent increase in the size of the spheroids over time was due
to the synthesis of ECM by viable IVD cells, and strong deposition of ECM components
throughout the spheroid body over time was recorded (Figures 5 and 6). Such facts pre-
supposed the presence of viable cells in the spheroids, which are the only effectors capable
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of producing and structuring ECM in the 3D spheroids. Notwithstanding, validation of
endpoint cellular viability maintenance in the spheroids is necessary for a finished product,
including following transport and storage, yet the scope of the present work was limited
to preclinical safety and function qualification, with functional optimization focusing on
the cellular active substance and the in vitro process. Full validation campaigns, including
ATP-based assays for release and stability testing, may be the focus of the next step of
experimental work, as FE002-Disc cells have been preliminarily qualified herein.

3.6. FE002-Disc Progenitor Cell Spheroid Stability in Cryopreservation and Lyopreservation

In order to preliminarily assess the potential of obtaining off-the-freezer or off-the-shelf
FE002-Disc spheroids, two stabilization protocols were evaluated. The results indicated
that all samples retained macroscopic structural integrity after freezing and lyophilization
processing, respectively. Furthermore, histology readouts showed that no loss of ECM was
sustained during freezing or lyophilization. Specifically, the spheroids all stained positive
for AB, COL2, and ACAN (Figure 7).

Fresh Spheroids Lyophilized Spheroids
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Figure 7. Results of FE002-Disc progenitor cell spheroid behavior following cryopreservation and
lyopreservation, with histological assessment of critical structural attributes and ECM quality. Cell
spheroids were manufactured using 10 nM dexamethasone. Cell spheroids manufactured using
100 nM dexamethasone are represented in Figure S8. Scale bars = 500 um. ECM, extracellular matrix.

Overall, the functional results obtained with frozen or lyophilized spheroids were
interpreted positively from a compositional standpoint (i.e., no deterioration of structure or
ECM; Figures 7 and S8). Namely, no adverse effects were recorded in the stabilized groups
as regards the quality of the components compared to the freshly harvested spheroids.
Such protocols thus bare potential for the formulation of stable and consistent sources of
exogeneous ECM components or for the further development of stabilized chondrogenic
microtissues. In detail, the conservative nature of the retained pilot stabilization techniques
enables us to consider further processing options (e.g., supercritical CO, decellularization,
terminal sterilization) for the investigated biological materials.

4. Discussion
4.1. Cell Therapies as Promising Contenders for IVD Pathology Management
The promise of cell-based therapies in IVD degeneration is linked to their multifaceted

MoA, which has the potential to address the complexity of disc degeneration [64,65].
Importantly, current conservative treatments help in treating LBP symptoms but do not

23



Pharmaceutics 2024, 16, 1274

satisfactorily restore the disc environment, leading to further disc degeneration in the long
term. Thus, the goal of cell-based therapies consists in regenerating disc structure or func-
tion and reducing LBP in patients. In the available clinical reports, IVD cell therapies were
shown to positively impact pain symptoms and reduce disability [66-68]. However, mixed
outcomes were reported as regards regenerative aspects (e.g., restoration of IVD height, hy-
dration balance) of the interventions [3,8]. Nonetheless, chondrocytes and IVD cells appear
to yield better outcomes for regeneration than alternative biologicals, suggesting that such
cell types are better suited for implantation in adverse microenvironments [52-55].

Generally, several hurdles limit the practical identification and benchmarking of
optimal cell sources for application in IVD therapies, as the specific MoA are not well-
characterized. Selection criteria for therapeutic cellular contenders in investigational IVD
treatments are notably based on current in vitro and in vivo data, as follows:

1. Safety attributes: absence of allergic or immunogenic reactions in the host, absence
of tumorigenicity,

2. Chondrogenic/discogenic potential: synthesis and deposition of GAGs and collagen
IT in the implantation environment,

3. Cell sourcing: choice of discogenic cells (e.g., IVD cells, chondrocytes) with potent
regeneration capacities and with environment modulatory attributes,

4. Cellular resilience following implantation: in situ resistance to harsh environmental
constraints in vivo,

5. Supply chain considerations: allogeneic versus autologous starting biological materials,

6.  Adaptability to GMP manufacturing processes: possibility to prepare and formulate
therapeutic cells in a clinically deliverable product.

As specifically concerns the option to use allogeneic starting biological materials, more
complex qualification steps are required compared to the use of autologous materials (e.g.,
adventitious agent screening). However, several quality and logistical benefits are procured
by the use of allogeneic cell sources, such as reduced variability (i.e., no donor-to-donor
influence) and the absence of an invasive harvesting surgery [34]. Based on the criteria and
considerations presented hereabove, qualification testing was performed on the FE002-Disc
cell source for preliminary demonstration of its applicability in IVD therapeutics.

4.2. Adequation of FE0O02-Disc Progenitor Cells with Cell Therapy Development Schemes

From a cell-based therapeutic product manufacturing standpoint, many elements
must be closely considered and documented around the handling of biological materials.
These comprise the methodology for qualification of the starting cell source, manufactur-
ing process parameters, technical specifications for the process, and selection of critical
materials [33]. Importantly, high scrutiny is allocated toward identifying and managing
sources of variability during active substance or drug product manufacture [69]. Design
approaches aim to minimize variability and to identify technical alternatives or variants in
order to optimize finished product quality and performance [70]. In the respective domains
of articular cartilage and IVD cell-based treatments, converging approaches of spheroid
implantation in highly demanding host tissues appear most promising [51-54,71-74].

The experimental results gathered herein have notably confirmed the adequation of
the FE002-Disc cell source with several requirements of cell therapy translational devel-
opment. Overall, the investigated functional and safety attributes were assessed as being
appropriate for potential formulation and use in IVD applications. Firstly, the sustainability
of the cell source (i.e., based on the usable in vitro passage levels) was determined, as the
therapeutic use of passage level 6-7 cells would enable to potentially treat thousands of
patients. Secondly, the chondrogenic potential of the cells was validated, as effective chon-
drogenic differentiation (i.e., GAGs and collagen II production) was repeatedly observed
(Figures 2 and 6). Furthermore, it was confirmed that the cellular biological activity (i.e.,
chondrogenic potential) was reduced with in vitro cell aging (Figure 2).

Finally, in vitro cell safety validation was performed using telomerase activity assays,
soft agarose assays, and confirmation of the limited lifespan of the primary FE002-Disc cell
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type. Specifically, the presented safety data were conjointly considered with the previously
applied donor qualification panels (e.g., background anamnesis and adventitious agent
screens) [33]. Overall, the gathered body of evidence was assessed to qualify the FE002-
Disc cell source for further preclinical investigation (e.g., safety and efficacy studies in
animal models).

4.3. Importance of Therapeutic Cell Resilience in Hypoxic and Inflammatory Environments

Generally, the specific constraints of the IVD implantation environment warrant the
technical optimization of the cellular active substance and the finished product form. The
degenerative IVD environment is notably hostile, with the absence of perfusion resulting
in a hypoxic and glucose-deprived niche. Furthermore, pathological degeneration leads
to acidification and inflammatory cytokine release, limiting the potential for exogenous
cell survival and engraftment [9,10,75]. From a biological-based formulation viewpoint,
integration of anti-inflammatory molecules (e.g., anti-TNF, anti-IL), growth factors, or
cell preculture in hypoxia may be considered [76]. A specific difficulty in therapeutic
protocol development lies in the sub-optimal modeling of degenerated human IVDs in
animal models. Thus, efficiency parameters are often only assessed in human trials. With
regard to the composition of the implantation environment, low-glucose and acidic in vitro
models may be used to predict in situ cell survival [52,55,56]. Specifically, while the pH
in healthy IVDs is neutral (i.e., 6.9-7.2), it drops to 6.0-6.2 in degenerated tissues due to
anaerobic glycolysis. It was previously reported that NP stem cells survive better in acidic
conditions than ASCs, as acidic conditions reduced cellular proliferation to a greater extent
in ASCs [77].

From a more detailed mechanistic and functional viewpoint, nasal chondrocytes were
exposed to adverse biochemical cues (i.e., inflammatory and hypoxic conditions) [78].
Therein, IL-13 treatment led to catabolic effects, with GAG loss, increased MMP-1 ex-
pression, and decreased COL2 [78]. Parallelly, while hypoxic culture conditions did not
significantly impact GAGs, increased COL2 levels were evidenced [78]. In further studies,
the authors sought an optimal chondrogenic cell source for implantation in IVDs (i.e.,
maintenance of viability and function in adverse environments) [52]. Therefore, MSCs,
articular chondrocytes, and nasal chondrocytes were functionally benchmarked in hypoxic,
acidic, inflammatory, and low-glucose conditions. Enhanced survival and ECM deposition
of nasal chondrocytes was evidenced in hypoxic/low-glucose conditions, as compared
to MSCs and articular chondrocytes [52]. Inflamed environments led to decreased GAG
production in MSCs, while this parameter did not negatively impact articular and nasal
chondrocytes. In contrast, medium acidification led to a dramatic reduction in GAG pro-
duction and COL2 induction in all three cell types. Of note, MSCs were more affected than
the chondrocytes, as pellets could not form in this environment. Overall, it was shown that
MSCs were more vulnerable to harsh environments than articular and nasal chondrocytes,
especially regarding chondrogenic properties [52].

Considering the highly specific physiological constraints of degenerative IVDs, various
experimental assays were conducted to assess the in situ resilience of the FE002-Disc
cells. Experimental designs were based on the references hereabove for articular and
nasal chondrocytes. Specifically, it was shown that FE002-Disc cell monolayers were
characterized by improved cell proliferation potential in hypoxia compared to normoxia,
echoing previous reports on FE002-Ten primary progenitor tenocytes [79]. Furthermore,
the present study confirmed that hypoxia (i.e., down to 2% O,) was a positive factor for
cellular proliferation and differentiation (Figures 3 and S6). Finally, it was confirmed that
FE002-Disc cells were not negatively impacted following exposure to high TNF-« doses
(i.e., in normoxia or hypoxia; Figure 4). Overall, this study confirmed that FE002-Disc cells
were resilient toward key adverse drivers of IVD microenvironments. In order to further
study the resilience of FE002-Disc cells, acidic and glucose-deprived culture conditions
could be used to functionally investigate the formation and chondrogenic activity of the
cell spheroids, which are expected to present enhanced resistance.
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4.4. Clinical Advancements of Chondrogenic Cells for IVD Therapy

Due to important scientific interest and high market demand, various therapies and
products for IVD treatment have been clinically and commercially brought forward. No-
tably, these have comprised both autologous and allogeneic therapeutic cell sources, where
safety and efficacy data are available. Clinical application of the autologous Novocart DISC
Plus product (i.e., expanded cells from herniated disc tissue) aimed to reduce degener-
ative sequelae following lumbar disk surgery or to prophylactically avoid adjacent disc
degeneration [21,66]. The allogeneic MPC-06-ID treatment (i.e., mesenchymal precursor
cells, Mesoblast) was reported to be safe and effective in a phase 3 trial with 24 months
of follow-up [80]. Specifically, single injections of 6 x 10° cells resulted in reductions in
VAS scores and improved function (i.e., ODI and EQ-5D indexes), most probably through
paracrine anti-inflammatory effects.

In another clinical trial on 182 patients, Vivex Biologics investigated the intradiscal
delivery (i.e., 20 G spine needle) of allogeneic NP matrix, showing improved VASPI and
ODI scores at 12 months (i.e., 54% pain improvement, 53% ODI improvement) [81]. An
allogeneic discogenic cell-based approach (i.e., rebonuputemcel, DiscGenics) was tested in
early or moderate degenerative IVD cases [68,72]. From a formulation viewpoint, it was
shown that fresh and frozen injectable cell-based products could both be effectively used
in vivo [67]. Importantly, dosing considerations indicated that lower doses of cells were
therapeutically preferrable, possibly due to the adverse impacts of large numbers of apop-
totic cells in situ [67]. For rebonuputemcel, phase 3 clinical results were reported in 2023,
with improvements in low back pain, function, disc volume, and patient quality of life [82].
Optimal results were obtained with doses of 9 x 10° cells/mL in hyaluronic acid and
cryopreservation excipients, with clinical benefit maintenance after two years [82]. Finally,
various alternative clinical-stage examples of cell-based treatments for IVD applications
may be set forth, such as CordSTEM-DD (i.e., allogeneic umbilical cord-derived mesenchy-
mal stem cells, CHABiotech), BRTX-100 (i.e., autologous stem cells, BioRestorative), or the
RESPINE EU project (i.e., allogeneic BM-MSC) [83-87].

4.5. Cell Formulation Optimization for Injectable IVD Treatments

Based on the technical considerations presented hereabove and on the clinical re-
quirements of IVD cases, adaptation of the therapeutic cell formulation attributes may be
necessary. Specifically, manufacturing process variants may be used for a given cell source
based on the target functional attributes of the implanted materials. The first approach (i.e.,
technically simpler) consists in the formulation of the expanded cells in suspension form
(i.e., with liquid or gel vehicles). Therein, manufacturing processes are notably faster, easier
to scale up, and do not require chemical induction. However, this approach is limited by
the fact that the cells are dedifferentiated (i.e., no COL2 expression), most sensitive to the
harsh implantation environment, and subject to potential cell leakage out of the treated
IVD. A potential mitigation measure could consist in the injection of discogenic cells under
an appropriate matrix or scaffold, similarly to existing clinical practice in knee articular
cartilage chondrotherapy [21,56].

The second approach, which was experimentally retained herein, consists in the gen-
eration of chondrogenically matured three-dimensional constructs (i.e., cell spheroids).
Specifically, in addition to the selection of a robust therapeutic cell source, such formu-
lation means may be leveraged to further increase the resistance of the cellular payload
to harsh implantation environments, as previously described [54,55]. Indeed, it is well
known that cells in 2D are much more drug-sensitive than in 3D structures (e.g., spheroids,
organoids) [88,89]. Thus, implanted cells are in all probability more protected in 3D struc-
tures than in single-cell suspensions. Therein, one of the simplest options is the preparation
of cell spheroids with appropriate physical (e.g., size) and functional (e.g., ECM deposition)
attributes [53]. In addition to providing physical protection, the 3D structure recapitulates
the three-dimensional native cellular environment, which is required for chondrogenic dif-
ferentiation and the production of GAGs and COL2, both of which are major constituents
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of the NP. Notably, cell spheroids have been investigated in tissue engineering for the
treatment of various tissues (e.g., bone, cartilage, trachea, nerve conduit) [71]. Furthermore,
various notable clinical trials using cell spheroids are underway in multiple therapeutic
indications (Table 2).

Table 2. Selected clinical trials dealing with cell spheroids. ASC, adipose stem cells; IPS, induced
pluripotent stem cells; MSC, mesenchymal stem cells.

Clinical Trial ! Spheroids/Cell Type Therapeutic Indications
NCT04262167 Autologous lung stem cells Idiopathic pulmonary fibrosis
NCT04945018 Allogenic IPS cardiomyocytes Heart failure
NCT05011474 Autologous matrillin-3 pre-treated ASCs Disc degeneration
NCT05712148 MSCs Retinitis pigmentosa
NCT04818203 Autologous dermal fibroblasts Periorbital wrinkles

1 Clinical trial reference numbers are available on https:/ /www.clinicaltrials.gov/, accessed on 2 September 2024.

A notable example of chondrogenic spheroids for spine treatment is the “nose to
spine” approach, leveraging the aforementioned nasal chondrocytes [52,53]. Therein,
cell spheroids (i.e., 12.5 x 10% cells/spheroid) were cultured/induced in hypoxia (i.e.,
5% Oy) for 3-7 days and were formulated for spinal injection (i.e., <600 um spheroids
for use in 22G needles). Specifically, it was shown that these spheroids supported the
administration process and were able to fuse with NP spheroids [53]. Furthermore, spheroid
formation appears to increase the adhesion properties of the product, thereby reducing
cell leakage risks once the spheroids are injected [54]. Interestingly, Kasamkattil et al.
directly compared the effects of nasal chondrocyte cell suspensions or spheroid-based
formulations in an in vitro degenerative disc disease microtissue NP model [55]. The 3D
formulation was shown to increase GAG contents in NP spheroids compared to the cell
suspension [55]. Furthermore, a reduction in IL-8 secreted by the NP model was stronger
with nasal chondrocyte spheroids in early timepoints [55].

Alternative notable examples of autologous chondrogenic spheroids may be cited,
notably for articular chondral defect management [49,51,90]. Therein, products and candi-
dates such as Spherox® or Cartibeads® are prepared in vitro and clinically delivered on
the lesion [51,90]. Based on the available evidence on chondrogenic cell spheroids for vari-
ous therapeutic applications, this formulation approach was retained for the investigated
FE002-Disc cells. Of note, a relatively low cell amount/spheroid (i.e., 3 x 10* cells) was
retained based on administration-related spheroid size requirements. It was confirmed
herein that the progenitor cells of interest could be effectively formulated as spheroids, with
excellent GAG deposition and COL2 induction (Figure 6). However, the need to further
understand and optimize the production process (e.g., induction medium composition,
hypoxia degree) was clearly evidenced herein. Indeed, the O, level set at 2% significantly
influenced the development of spheroid size, while dexamethasone levels influenced ECM
composition (Figures 5, 6 and S6). Thus, additional work is warranted to notably fully
understand and characterize the different parameters (i.e., key and critical parameters)
for the production of this formulation type. In particular, process transposition towards
clinical grade conditions (e.g., qualified consumables and ancillary materials) will require
thorough testing and validation.

4.6. Study Limitations and Future Perspectives

The main identified limitations of the present study were related to the number of
retained experimental readouts. In particular, the endpoint cellular viability and cell-based
functionality (e.g., spheroid fusion assays) attributes were set out of the scope of this
study. In detail, for strict consideration of the presented spheroids as a finished product
prototype, appropriate formulation, stability, and administration studies would need to be
performed. Notwithstanding, the applied functional readouts enabled to indirectly confirm
the presence of viable and functional cells in the produced spheroids, which were able to
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synthesize and deposit ECM components. Furthermore, while the presented datasets did
not disqualify the FE002-Disc cell source for quality or safety reasons, further preclinical
assessment phases are required (e.g., in vivo work) from a regulatory standpoint [91-94].
Additionally, the present study focused mainly on one therapeutic primary cell type,
whereas further validation studies may include additional comparator progenitor cell types
and patient-derived adult IVD cell types for appropriate functional benchmarking.

Future research perspectives for this study comprise in-depth functional assessments
of the cryopreserved and lyophilized versions of the presented spheroids. In detail, preclini-
cal assays could be designed in order to study the influence of stabilization processes on the
function of the spheroids (e.g., ability to fuse to target microtissues). Furthermore, based
on the prior application of multiple sources of chondrogenic cells (e.g., nasal chondrocytes
or articular chondrocytes) for spheroid-based chondrotherapies and/or IVD therapies,
alternative progenitor chondrogenic cells (e.g., FE002-Cart.Art/FE002-Cart cell sources)
could be investigated for similar purposes.

5. Conclusions

The present study aimed to preclinically qualify FE002-Disc cells and cell spheroids
for potential IVD therapeutic applications based on safety and function-oriented assays.
The results showed the sustainability of the considered clinical-grade cell source, which
was functionally qualified up to passage level 7. Furthermore, this study demonstrated
that FE002-Disc cells were well-adapted to growth in adverse environments, as modeled by
hypoxia and inflammatory setups. Namely, the in vitro resilience of the considered chon-
drogenic cells was evidenced, and the critical importance of appropriately establishing the
process technical specifications (e.g., incubation atmosphere, dexamethasone concentration)
was set forth. Generally, this study enabled to enhance the quality of the obtained FE002-
Disc spheroids from a functional viewpoint, with positive pilot indications about finished
product storage possibilities (i.e., in frozen or in dry form). Overall, both the applicability
of the FE002-Disc cell source and the adequation of the cell spheroid manufacturing process
with therapeutic product preclinical development requirements were documented herein.
Such elements were considered positively for the further investigation of the therapeutic
potential of primary progenitor cell sources in musculoskeletal regenerative medicine.
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AB Alcian blue

ACAN  aggrecan

AF annulus fibrosus

ASC adipose-derived stem cells

ATMP advanced therapy medicinal product
BCA bicinchoninic acid

BMSC bone marrow stromal cells

CD cluster of differentiation

CH Helvetic Confederation

CHUV Centre hospitalier universitaire vaudois
CMtc complete growth medium

COL collagen

COMP cartilage oligomeric matrix protein
CT cycle threshold

DDD degenerative disc disease

DMEM  Dulbecco’s modified Eagle medium
DMMB  dimethylmethylene blue assay
DMSO  dimethyl sulfoxide

DNA deoxyribonucleic acid

EC European Commission

ECL electrochemiluminescence

ECM extracellular matrix

FACS fluorescence activated cell sorting
FBS fetal bovine serum

FDA US Food and Drug Administration
FGF fibroblast growth factor

FITC fluorescein isothiocyanate

GAG glycosaminoglycan

GMP good manufacturing practices

h hour

HA hyaluronic acid

HGF hepatocyte growth factor

HIF-1 hypoxia-inducible factor

HLA human leukocyte antigen
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HMGB1  high mobility group protein Bl

HPL human platelet lysate

HRP horseradish peroxidase

IBMX 3-isobutyl-1-methylxanthine

IL interleukin

IPS induced pluripotent stem cells

ITS insulin, transferrin, selenous acid

IVD intervertebral disc

IVDD intervertebral disc disease

LBP low back pain

M-CSF macrophage colony-stimulating factor
min minute

MMPs matrix metalloproteinases

MoA mechanism of action

MSC mesenchymal stem cells

NA non-applicable

NP nucleus pulposus

NSAIDs non-steroidal anti-inflammatory drugs
ODI Oswestry disability index

PBS phosphate-buffered saline

PDT population doubling time

PDV population doubling value

PE phycoerythrin

PMSF phenylmethylsulfonyl fluoride

PRP platelet rich plasma

qPCR quantitative polymerase chain reaction
TGF transforming growth factor

TIMPs tissue inhibitor of metalloproteinases
TNF tumor necrosis factor

sEGFR  soluble epidermal growth factor receptor
sTNFRI  soluble tumor necrosis factor receptor I

UK United Kingdom

USA United States of America

UsSD US dollar

VAS visual analog scale

VASPI visual analog scale pain intensity

VitCp vitamin C 2-phosphate sesquimagnesium salt hydrate
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Abstract: Hand tendon/ligament structural ruptures (tears, lacerations) often require surgical recon-
struction and grafting, for the restauration of finger mechanical functions. Clinical-grade human
primary progenitor tenocytes (FE002 cryopreserved progenitor cell source) have been previously pro-
posed for diversified therapeutic uses within allogeneic tissue engineering and regenerative medicine
applications. The aim of this study was to establish bioengineering and surgical proofs-of-concept for
an artificial graft (Neoligaments Infinity-Lock 3 device) bearing cultured and viable FE002 primary
progenitor tenocytes. Technical optimization and in vitro validation work showed that the combined
preparations could be rapidly obtained (dynamic cell seeding of 10° cells/cm of scaffold, 7 days of co-
culture). The studied standardized transplants presented homogeneous cellular colonization in vitro
(cellular alignment/coating along the scaffold fibers) and other critical functional attributes (tendon
extracellular matrix component such as collagen I and aggrecan synthesis/deposition along the
scaffold fibers). Notably, major safety- and functionality-related parameters/attributes of the FE002
cells/finished combination products were compiled and set forth (telomerase activity, adhesion and
biological coating potentials). A two-part human cadaveric study enabled to establish clinical proto-
cols for hand ligament cell-assisted surgery (ligamento-suspension plasty after trapeziectomy, thumb
metacarpo-phalangeal ulnar collateral ligamentoplasty). Importantly, the aggregated experimental
results clearly confirmed that functional and clinically usable allogeneic cell-scaffold combination
products could be rapidly and robustly prepared for bio-enhanced hand ligament reconstruction.
Major advantages of the considered bioengineered graft were discussed in light of existing clinical
protocols based on autologous tenocyte transplantation. Overall, this study established proofs-of-
concept for the translational development of a functional tissue engineering protocol in allogeneic

musculoskeletal regenerative medicine, in view of a pilot clinical trial.
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1. Introduction

The necessity of functional tendons in the musculoskeletal system and the high inci-
dence of tendon-related disorders are important components of modern socio-economic
burdens [1-4]. High diversity is reported in the etiology of tendon disorders, with possible
combined promoting and triggering factors (e.g., intrinsic and extrinsic factors, mechanical
overuse). Such diverse and combined factors may potentially lead to tendon ruptures [1,5-7].
Then, as the pathological spectrum of tendon disorders is large, various treatment strategies
are currently applied and depend on the specific clinical situation [2,3,8-12]. Importantly,
symptomatic management of pain and inflammation do not enhance tendon tissue healing
capacities, which are inherently poor (i.e., hypocellularity, low vascularization) [1,5,6]. Phys-
iological healing of tendon injuries generally leads to adhesions, scarring, and low overall
quality of repair (i.e., mechanically inferior tissues), incurring high morbidity [1,5,13-16].
Notably, injuries to the Achilles tendons are highly prevalent in sports medicine, where 30%
of cases require surgical treatment [5,17]. While partial tendon ruptures may be managed by
suturing, volumetric tissue defects require surgical grafting [6,18,19]. Therein, autografting
of vestigial tendon tissue is clinically preferred. However, its practical availability is incon-
sistent and incurs additional morbidity (i.e., related to donor-site surgery). These clinical
facts have prompted the development of exogeneous tendon grafts or substitutes (e.g., syn-
thetic matrices, biological constructs) [2,9,20-28]. Despite their increased availability and
manufacturing process standardization, tendon allografts and xenografts bear an increased
risk of tissue inflammation, iatrogenicity, and rejection compared to autografts [3,9,29-32].

Solid scaffold-based solutions for ligament and tendon repair or replacement are
well-defined and commercially available [9,20,24]. An ideal ad hoc scaffold should be
biocompatible, show in vivo cell adhesion, cell proliferation/migration, and extracellular
matrix deposition (i.e., bio-integration) [4,17,21-23,33]. Furthermore, such scaffolds should
present good mechanical properties and resist to the physiological strains typically applied
to tendons and ligaments [20,21,34]. Therefore, biological (e.g., human or porcine tissues)
and synthetic materials have been proposed for tendon surgical reconstruction [9,17,21-26].
While biological scaffolds provide a favorable environment for cells, several manufactur-
ing process-related (i.e., decellularization, sterilization) problematics have been reported
(e.g., reduced mechanical attributes or pro-inflammatory effects) [19,21,24]. Conversely,
artificial tendon grafts can be standardized, tailored to specific applications, and seri-
ally produced with a controlled terminal sterilization step while maintaining appropriate
critical quality attributes [9,17,35-37]. However, their biocompatibility is generally found
to be lower compared to biological materials (e.g., formation/release of toxic degradation
products) [19,22,24]. Therefore, current efforts are directed toward the supplementation of
existing tissue suturing or grafting procedures with appropriate biological components
(e.g., growth factors, autologous or allogeneic cells, platelet-rich plasma), to potentially
optimize tendon healing [38—46].

Notably, growth factors such as platelet-derived growth factor-BB (PDGF-BB) have
been preclinically investigated in combination with synthetic scaffolds to promote ten-
don healing, yielding encouraging results [26,40,41]. As regards the use of platelet-rich
plasma (PRP) for tendinopathies, positive symptomatic and functional outcomes have been
reported [11,42,47,48]. Recently, various types of therapeutic cell sources were clinically
assessed (e.g., mesenchymal stem cells, UVEC, tenocytes) for managing tendon disorders,
with positive safety and efficacy outcomes [12,13,49-53]. Among the postulated mech-
anisms of action of cell therapies, the paracrine modulation of wounded environments
by diverse growth factors and cytokines is frequently cited [3,13,38,39]. Of note, autol-
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ogous cultured tenocyte injections (i.e., Ortho-ATI, Orthocell, Australia) were shown to
improve both the function and the MRI tendinopathy scores in chronic lateral epicondyli-
tis at 4.5 years of follow-up [43,52]. In an allogeneic setting, FEO02 primary progenitor
tenocytes (i.e., clinical grade FE002 progenitor cell source) were proposed as standardized
homologous cytotherapeutic materials under the Swiss progenitor cell transplantation pro-
gram [39,54]. Specifically, FE002 primary progenitor tenocytes were considered for diverse
therapeutic tissue engineering purposes or for the optimization of novel injectable medical
devices [39,55-58]. Of note, the FE002 primary progenitor tenocytes of interest (i.e., primary
cell type) are diploid cells, which are inherently pre-terminally differentiated and possess
stable and robust biological attributes. Such characteristics are maintained within large
scale in vitro biotechnological manufacture [39,55]. Importantly, FEO02 primary progenitor
tenocytes are cytocompatible with diverse implantable materials, are immunologically
privileged, and are non-tumorigenic [19,39,54]. Therefore, such primary progenitor cells
represent an optimal cellular active substance (i.e., the substance responsible for the activ-
ity of a medicine). Off-the-freezer preparation of FE002 progenitor cell-seeded allografts
(i.e., using synthetic tendon/ligament scaffolds, decellularized biological tendon matrices,
or hyaluronan hydrogels) has previously been reported [19,39,54,56]. Therefore, FE002
primary progenitor tenocytes may be applied in diverse musculoskeletal affections, rang-
ing from volumetric tissue substitution to local pain and inflammation management [39].
Specifically, the combination of an appropriate synthetic scaffold and of FE002 primary pro-
genitor tenocytes for tendon or ligament bioengineering bears the potential of leveraging
the desirable attributes of both components [39,56].

Therefore, the general aim of the present study was to establish allogeneic tissue
engineering and surgical proofs-of-concept for an artificial tendon/ligament graft bearing
cultured FEQ02 primary progenitor tenocytes. In order to pursue this goal, three specific
objectives were defined at the time of designing the presented work, namely:

(1) Experimental verification of the compatibility of the FE002 primary progenitor cells
and the Neoligaments scaffold at the cellular and proteomic levels;

(2) Technical devising and experimental validation of optimized manufacturing proce-
dures in order to obtain clinically usable combination products;

(3) Clinical devising and experimental validation of surgical procedures and protocols
for hand ligament regenerative medicine with the considered implantable and bio-
enhanced combination product.

The retained scaffold (i.e., Infinity-Lock 3 Neoligaments device, non-resorbable woven
polyester, Xiros, Leeds, UK) was based on the Leeds-Keio (LK) artificial ligament, which
was globally clinically applied in various musculoskeletal indications by several groups
since 1982 (i.e., extensive clinical follow-up studies available) [59-67]. Designed for passive
and gradual integration in patient tissues, the synthetic Infinity-Lock 3 scaffold was incu-
bated with cultured FE002 primary progenitor tenocytes to obtain combination product
prototypes [60]. In detail, the objective was to firstly verify the in vitro compatibility of
both components, as well as critical and key functional attributes (e.g., cell colonization
and extracellular matrix deposition along the scaffold fibers) of the considered combination
product, aiming to eventually enhance graft bio-integration in vivo. The second objec-
tive was to establish an optimized good manufacturing practice (GMP)-transposable (i.e.,
adapted for clean room environments) manufacturing process for the combination product,
for further translational and clinical applications. The third objective was to validate the
applicability of the retained scaffold in two clinical indications of hand ligament surgery
within a human cadaveric sub-study, in view of clinical protocol establishment for a pilot
clinical trial. Building on the respectively available bodies of knowledge around the con-
sidered Neoligaments polymeric scaffold and around the FEO02 primary progenitor cell
source, tangible data were generated about the considered combinational approach and
its applicability in surgical workflows [39,55,56,59-64,67,68]. Overall, this study enabled
to set forth tangible proofs-of-concept for the translational development of an allogeneic
tissue engineering protocol for bio-enhanced hand ligament surgical reconstructive care.
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2. Materials and Methods
2.1. Reagents and Consumables Used for the In Vitro Studies

The reagents and consumables that were used in this study are summarized hereafter,
along with the corresponding manufacturers: purified water, PBS buffer, and NaCl 0.9%
solutions (Laboratorium Dr. G. Bichsel, Unterseen, Switzerland); high-glucose DMEM cell
culture medium, L-glutamine, D-PBS, TrypLE dissociation reagent, penicillin-streptomycin,
BCA assay kits, NuPAGE Bis-Tris 4-12% protein gel, MOPS buffer, loading buffer, DTT,
antioxidant, page ruler protein ladder, transfer buffer, MTT, antibodies, and 96-well PCR
plates (Thermo Fisher Scientific, Waltham, MA, USA); C-Chip Neubauer hemocytome-
ters (NanoEntek, Seoul, Korea); ethanol, methanol, Tween 20, Telomerase activity assay
kits, and HCl (Chemie Brunschwig, Basel, Switzerland); Millipore Stericup with 0.22
um pores, Trypan blue solution, FBS, collagen I from rat tails, and fibronectin (Merck,
Darmstadt, Germany); cell culture vessels and plastic assay surfaces (Greiner BioOne, Frick-
enhausen, Germany and TPP Techno Plastic Products, Trasadingen, Switzerland); RIPA
lysis buffer and antibodies (Abcam, Cambridge, UK); protease inhibitor and CellTiter-Glo
kits (Promega, Madison, WI, USA); Live-Dead kits and antibodies (Biotium, Fremont, CA,
USA); powdered skim milk (Rapilait, Migros, France); saccharose (PanReac AppliChem,
Darmstadt, Germany); dextran 40,000 (Pharmacosmos, Wiesbaden, Germany); Lyopro-
tect cups and Lyoprotect bags (Teclen, Oberpframmern, Germany); nitrocellulose mem-
branes and ECL (Amersham Protran, Cytiva, Marlborough, MA, USA); BSA (PAN Biotech,
Aidenbach, Germany).

2.2. Instruments and Equipment Used for the In Vitro Studies

For sample analysis, flat bottom 96-well microtitration plates and Eppendorf tubes
were purchased from Greiner (Greiner, Frickenhausen, Germany). Component weighing
was performed on a laboratory scale (Ohaus, Parsippany, NJ, USA). Sample centrifugation
was performed on a Rotina 420R centrifuge (Hettich, Tuttlingen, Germany). Dynamic cell
seeding of scaffolds was performed in a Roto-Therm Plus agitator (Benchmark Scientific,
Sayreville, NJ, USA). SDS-Page analyses were performed using a Mini Gel Tank and
PowerEase 90W (Thermo Fisher Scientific, Waltham, MA, USA). Gel imaging in white
light or in chemiluminescence was performed on a Uvitec Mini HD9 gel imager (Cleaver
Scientific, Rugby, UK). Colorimetric and luminescence measurements were performed
on a Varioskan LUX multimode plate reader (Thermo Fisher Scientific, Waltham, MA,
USA). Immunohistochemistry and Live-Dead imaging were performed on an inverted IX81
fluorescence microscope (Olympus, Tokyo, Japan). Telomerase activity PCR analyses were
run on a StepOne Real-time PCR Systems instrument (Thermo Fisher Scientific, Waltham,
MA, USA). Sample lyophilization was performed in a LyoBeta Mini freeze-dryer (Telstar,
Terrassa, Spain). Sample terminal sterilization by y-irradiation was performed by Ionisos,
Dagneux, France.

2.3. Surgical and Grafting Materials Used for the Ex Vivo Studies

For the needs of the in vitro and ex vivo work (i.e., human cadaveric model), the
artificial ligaments and surgical instruments (i.e., medical devices) were provided by Xiros,
Leeds, UK. The provided artificial ligaments (i.e., woven polyester tapes) were 3 mm-wide
Neoligaments Infinity-Lock 3 devices (i.e., two different manufacturing process-related
options) and Jewel ACL devices. The provided surgical instruments were from a FlexPasser
Tendon Retrieval Kit. Standard hand surgery instruments, materials, and consumables
were provided by the Plastic and Hand Surgery Service at the CHUV Lausanne University
Hospital, Lausanne, Switzerland.

2.4. FE002 Primary Progenitor Tenocyte Cell Sourcing and In Vitro Cellular Active Substance
Lot Manufacture

The FE002 primary progenitor tenocyte source used for the in vitro experiments of this
study consisted of banked primary human diploid cells (i.e., clinical grade FE002 progenitor
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cell source). The considered FE002 progenitor cells were procured and produced under
the Swiss progenitor cell transplantation program and were made available for the present
study as cryopreserved stocks, as previously described elsewhere [55]. All of the FE002
primary progenitor tenocytes used in the present study were characterized by in vitro pas-
sage levels of 6-8. Briefly, frozen vials of FE002 cells were used as cellular seeding materials
for the in vitro expansions necessary to generate the cellular active substance lots. Rapid
thawing of the vials was performed and the cells were suspended in warmed complete cell
culture medium (i.e., DMEM; 10% v/v FBS; 5.97 mM L-glutamine). The cell suspension
titers and the relative cellular viability were determined by hemocytometer counts using
Trypan blue exclusion dye. The cell suspensions were then used to homogeneously seed an
appropriate amount of culture vessels using a 1.5 x 10% cells/cm? relative seeding density.
The seeded cell culture vessels were incubated at 37 °C in humidified incubators under
5% v/v CO,. Cellular adherence checks were performed the following day and the cell
culture medium was exchanged twice weekly. The cell culture vessels were examined at
each medium exchange procedure, for confirmation of cell proliferation, adequate prolif-
erative cellular morphology maintenance (i.e., characteristic spindle-shape morphology),
and absence of observable extraneous agent contamination. Once optimal cell monolayer
confluency was attained (i.e., >95%), the cells were harvested. The cell suspension titers
and the relative cellular viability were determined. These cell suspensions were defined as
a “fresh cellular active substance lot”, for cell type characterization/qualification studies
or for seeding onto synthetic Neoligaments scaffolds for finished combination product
preparation. Alternatively, “cryopreserved cellular active substance lots” were used for
synthetic scaffold seeding. Therefore, the cell suspensions were used directly after thawing,
following the cell enumeration control step. For the needs of the present study, a cellular
active substance lot was therefore composed of one of the following:

e  “Fresh cellular active substance lot”: Suspension of FE002 primary progenitor teno-
cytes (i.e., homogeneous cellular suspension in an appropriate solvent/medium, e.g.,
DMEM-based medium), expanded once in vitro in monolayer culture, harvested, and
controlled before further use;

e  “Cryopreserved cellular active substance lot”: Cryopreserved FE002 primary progeni-
tor tenocytes (i.e., homogeneous cellular suspension in an appropriate solvent/medium),
conditioned in cryopreservation vials, extemporaneously thawed/rinsed, and con-
trolled before further use.

2.5. Patient Primary Tenocyte Cell Sourcing and In Vitro Cell Lot Manufacture

The patient primary tenocyte source used for the in vitro experiments of this study
consisted of banked primary human diploid cells (i.e., Ad001-Ten standardized cell source).
All of the patient tenocytes used in the present study were characterized by in vitro passage
levels of 6-8. Patient tenocytes were obtained from the Biobank of the Department of
Musculoskeletal Medicine in the CHUV Lausanne University Hospital, Lausanne, Switzer-
land, in the form of cryopreserved vial lots. Biological material sourcing and primary
cell type establishment had been performed from a hand digit flexor tendon (i.e., medical
waste) of a 74-year-old female patient. The patient tenocytes were manufactured using
serial in vitro cellular expansion rounds, following the same technical specifications as the
considered FE002 primary progenitor tenocytes. The patient tenocytes were used for the
in vitro experiments of this study, either in “fresh cellular active substance lot” form or in
“cryopreserved cellular active substance lot” form.

2.6. FE002 Primary Progenitor Tenocyte Cellular Active Substance Characterization Assays

The assays presented hereafter were performed in order to complement the existing
body of knowledge around FE002 primary progenitor tenocytes, as previously reported for
this cellular active substance or cellular starting material [39,55-58].
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2.6.1. Quality and Potency-Related Characterization and Qualification Assays

Firstly, mass spectrometry proteomic characterization assays were performed to gain
insights into the major constituents of the cellular active substance of interest. The compar-
ative proteomic analyses were performed using quantitative mass spectrometry, following
the protocol reported by Jeannerat et al. (2021) [55]. Briefly, FEOO2 primary progenitor
tenocytes and patient primary tenocyte samples were lysed and the protein contents were di-
gested using an adapted filter-aided sample preparation (FASP) protocol. The obtained pep-
tides were labelled and were analyzed by LC-MS/MS. Mass spectrometry proteomic data
were deposited at the ProteomeXchange Consortium (http:/ /www.proteomexchange.org/,
accessed on 23 May 2023) via the PRIDE partner repository with the dataset identifier
PXD028359 [55]. Specific data processing then enabled to obtain relative protein levels in
the various samples, for comparative consideration. Relatively abundant proteins were
retained for further analysis within both experimental groups (i.e., progenitor or patient
tenocytes) and were compared to literature reference sources [69].

Secondly, in order to verify that the considered FE002 cellular active substance is
capable of adhering on tendon extracellular matrix (ECM) components, an in vitro cellular
adhesion assay was performed. Briefly, 96-well ELISA microplates were coated overnight
with 50 ng/mL collagen I, 100% FBS, or 5 ug/mL fibronectin. The microplates were then
washed with PBS and blocked for 1 h using PBS with 1% BSA. Freshly harvested FE002
primary progenitor tenocytes or primary patient tenocytes were suspended in DMEM with
1% BSA at a final concentration of 2 x 10° cells/mL. Volumes of 100 uL of cell suspension
were dispensed in each well and the microplates were incubated for 1 h at 37 °C. The plates
were then gently washed using DMEM with 1% BSA and pictures of the wells were taken
on an inverted microscope, for the comparative assessment of cellular adhesion.

2.6.2. Quality and Safety-Related Characterization and Qualification Assays

Firstly, a 3-galactosidase staining assay was performed, in order to confirm that the
considered FEQ02 primary progenitor tenocytes were a cell type (i.e., and not a cell line)
with a finite in vitro lifespan and reached senescence in culture at high passage levels under
standard conditions. Cells at in vitro passage levels known to be characterized by signifi-
cantly reduced proliferation capacities in the retained manufacturing system (i.e., passage
levels > 8) were used for the assays. Briefly, FEO02 primary progenitor tenocytes were
seeded in T25 cell culture flasks at 1.5 x 103 cells/cm? and were expanded until reaching
70% confluency. The cells were then fixed for 5 min in 10 mL of fixation solution containing
1.85% formaldehyde with 0.2% glutaraldehyde. The cells were then rinsed twice using
PBS. The cells were stained overnight at 37 °C with a SA-{3-gal staining solution containing
0.1% X-gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl,
and 2 mM MgCl, in a 40 mM citric acid /sodium phosphate solution at pH 6.0. The cells
were washed twice with PBS and once with DMSO to remove the staining solution. The
presence of 3-galactosidase-positive (i.e., stained in blue) cells was assessed microscopi-
cally. Staining for the senescence marker 3-galactosidase was performed between in vitro
passage levels 8 and 10.

Secondly, a telomerase activity assay was performed using the Telomerase activity
quantification qPCR assay kit in order to confirm the non-tumorigenic potential of the
considered FE002 primary progenitor tenocytes (i.e., absence of significant levels of telom-
erase activity). Telomerase activity quantification was performed using frozen cellular
dry pellets (i.e., passage level 8 for the FE002 cells). HeLa cells were obtained from the
Musculoskeletal Research Unit at the University of Zurich (Zurich, Switzerland) and were
used as positive controls in the telomerase assay. For cell lysate preparation, cellular dry
pellets (i.e., 2-5 x 10° cells/tube) were retrieved from —80 °C storage. Cells lysis was
performed by mixing the cells with 20 uL of lysis buffer (i.e., supplemented with PMSF
and f3-mercaptoethanol before use) per million cells before a 30-min incubation period on
ice. The samples were then centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatants
were transferred to new Eppendorf tubes. For the telomerase-mediated reaction, 0.5 uL
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of sample, 4 uL of 5x telomerase reaction buffer, and 15.5 uL of nuclease-free water were
mixed and incubated for 3 h at 37 °C. The reaction was quenched by heating the samples
for 10 min at 85 °C. The samples were centrifuged at 1500 ¢ for 10 s and were stored on
ice. The wells necessary for the qPCR reactions were prepared in triplicate in qPCR plates
by mixing 1 uL of the prepared sample, 2 uL of primers, 10 uL of TagGreen qPCR master
mix, and 7 puL of nuclease-free water. The qPCR plates were sealed and centrifuged at
1500 g for 15 s. The samples were run on a StepOne Real-time PCR Systems instrument.
The qPCR run conditions comprised an initial denaturation step of 10 min at 95 °C and
36 amplification cycles (i.e., denaturation over 20 s at 95 °C; annealing over 20 s at 52 °C;
extension over 45 s at 72 °C). Samples with a Ct >33 in value were considered as being
negative. Relative telomerase activity quantification between two samples was based on
the 272t calculation method.

2.7. FE002 Primary Progenitor Tenocyte-Seeded Neoligaments Graft: Manufacturing Process
Development Phase

2.7.1. Progenitor Cell Seeding and Combination Product Incubation Processes

In order to establish an initial proof-of-concept for scaffold-based FE002 progenitor
cell-bearing construct bioengineering, conservative parameters and technical specifications
were used. Two synthetic scaffold cell seeding strategies were experimentally investigated.
Firstly, a static cell seeding protocol was used. Neoligaments Infinity-Lock 3 scaffold
pieces of 1 cm in length were placed in 12-well microplates and volumes of 250 uL of cell
suspension (i.e., fresh FE002 cellular active substance in complete cell culture medium,
at various final cellular concentrations ranging from 25 x 10 to 10° cells/scaffold) were
homogeneously dispensed in order to completely soak the scaffolds. Cell recovery quality
control plates (i.e., 6-well microplates) were prepared at that time, with the same technical
specifications as for FE002 primary progenitor tenocyte manufacturing activities. The
sample-bearing microplates were incubated for 1 h at 37 °C, to enable initial cellular
attachment. Then, volumes of 500 uL of complete cell culture medium (i.e., with 1%
penicillin-streptomycin) were dispensed in each well and the microplates were incubated
again. The cell-seeded scaffolds were maintained in culture for 14 days with medium
exchange procedures performed twice per week before endpoint harvest.

Secondly, a dynamic cell seeding protocol was used. Fresh 1 cm-pieces of Infinity-
Lock 3 scaffold were placed in 2 mL Eppendorf tubes and 1 mL of cell suspension (i.e.,
fresh FEOO2 cellular active substance in complete cell culture medium, at various final
cellular concentrations) was dispensed in each tube. Cell recovery quality control plates
were prepared at that time, as described hereabove. The tubes were incubated at 37 °C
overnight under rotational agitation (i.e., 13 rpm, monoaxial rotation), to enable initial
cellular attachment. Then, the scaffolds were transferred to 15 mL centrifugation tubes and
were covered with 1 mL of fresh complete cell culture medium (i.e., with 1% penicillin-
streptomycin). The volumes of 1 mL of spent culture medium (i.e., used for overnight
dynamic cell seeding) were conserved and were used to prepare secondary cell recovery
quality control plates. The cell-seeded scaffolds were maintained in culture for 14 days with
medium exchange procedures performed twice per week before endpoint harvest. The
dynamic cell seeding protocol was then repeated using fresh patient tenocyte suspensions
(i.e., in “fresh cellular active substance lot” form), for cytocompatibility comparison with
the FE002 primary progenitor tenocytes and for validation of the ability of patient cells to
adhere to the synthetic scaffolds. The dynamic cell seeding protocol was then repeated
again using two sub-types of Infinity-Lock 3 scaffolds (i.e., plasma-treated and non-plasma
treated scaffolds), for assessment of the impact of the additional scaffold processing step
on cytocompatibility and cellular functionality parameters.

For endpoint cell-seeded construct harvesting, the spent cell culture medium was
removed from the 3D culture vessels. The constructs were rinsed thrice by immersion
in warm PBS and were made available for further in vitro studies or for conditioning in
finished product transport medium. At each step of the construct incubation process,
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the recovery quality control microplates were assessed (i.e., cell adherence on the culture
surface and low cellular detachment, appropriate adherent cell morphology, positive cell
confluency evolution, appropriate cellular metabolic activity) as part of in-process controls
(IPC). Appropriate post-process controls (PPC) were implemented as appropriate.

2.7.2. CellTiter-Glo Assay for Endpoint Assessment of Cellular Metabolic Activity within
the Combination Products

A CellTiter-Glo assay was used to assess the metabolic activity of the cells on the
constructs following the incubation period. Briefly, the constructs were harvested, rinsed,
and placed in 24-well microplates. Volumes of 200 puL of PBS and 200 puL of CellTiter-Glo
reagent were dispensed in each well. Micropipette tips were then used to lightly crush the
immerged constructs. The plates were incubated for 10 min at ambient temperature. Finally,
200 pL of supernatant were isolated from each well and luminescence was measured.

2.7.3. MTT Assay for Endpoint Assessment of Cellular Metabolic Activity and Cell
Distribution throughout the Combination Products

An MTT assay was used to assess the cytocompatibility of the FE002 primary progeni-
tor tenocytes and the Neoligaments scaffolds (i.e., Infinity-Lock 3 and Jewel ACL devices).
Specifically, the MTT assay was used to confirm (i) the adherence of the cells through-
out the scaffolds, (ii) the maintenance of cellular metabolic activity on the scaffolds, and
(iii) the quality of cellular colonization of the scaffolds (i.e., homogeneous repartition of the
cells on the available fiber surfaces). Furthermore, MTT assays were performed at various
timepoints (i.e., between 1 day and 3 weeks) of the incubation phase of the cell-seeded
constructs and enabled to assess the 3D in vitro cellular proliferation and migration on
the scaffolds. For endpoint analysis, the constructs were harvested and incubated for 2 h
at 37 °Cin a 5 mg/mL MTT solution. Following rinsing of the constructs, photographic
imaging was performed. For the further quantification of the MTT dye in the considered
constructs, the dye was extracted using a 0.04 N HCl ethanolic solubilization solution. Then,
volumes of 150 pL of the MTT extracts were transferred to 96-well microplates. Sample
absorbance values were determined at a wavelength of 570 nm.

2.7.4. Live-Dead Assay for Endpoint Assessment of Cellular Viability and Distribution
throughout the Combination Products

A Live-Dead assay (i.e., viability and toxicity assay kit) was used to assess cellular
viability, cellular adhesion, and cellular morphology directly on the constructs, according
to the manufacturer’s instructions. Briefly, the Live-Dead staining solution was prepared
by mixing 10 mL of D-PBS, 5 puL calcein, and 20 pL ethidium homodimer III. The cell-
seeded scaffolds were harvested, rinsed with D-PBS, and incubated with the Live-Dead
staining solution for 30 min at ambient temperature. The samples were then washed to
remove any excess reagents and were imaged on an Olympus IX81 microscope using the
appropriate channels.

2.7.5. Western Blotting for Endpoint Assessment of Extracellular Matrix Component
Synthesis and Deposition within the Combination Products

Western blotting analysis was used in order to assess the synthesis and deposition of
selected tendon-related ECM proteins (e.g., collagen I, decorin) within the incubated con-
structs. Briefly, the cell-seeded scaffolds were harvested, washed with PBS, and incubated
for 15 min on ice in 300 pL of RIPA lysis buffer supplemented with protease inhibitors. The
samples were centrifuged at 3000x g for 5 min at 4 °C and the supernatants were stored at
—20 °C until analysis. The samples were separated by electrophoresis on NuPAGE 4-12%
Bis-tris polyacrylamide gels before being transferred onto nitrocellulose membranes. The
membranes were blocked in 0.05% PBS-Tween 20 supplemented with 4% skimmed milk for
15 min at ambient temperature and were then incubated overnight at 4 °C in the primary
antibody solution (i.e., anti-collagen I, anti-decorin, or anti-actin). The following day, the
membranes were washed in PBS-Tween 20 buffer and were incubated for 1 h at ambient
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temperature in the corresponding HRP-secondary antibody. Revelation was performed
using the ECL Prime chemiluminescence detection system. For all of the presented Western
blotting assays, the following antibodies were used:

Primary anti-collagen I antibody: Abcam Ref. N°ab34710 (1:1000 dilution)
Primary anti-decorin antibody: Abcam Ref. N°ab277636 (1:1000 dilution)
Primary anti-actin antibody: Thermo Fisher Ref. N°PA1-21167 (1:200 dilution)
Secondary anti-rabbit HRP antibody: Biotium Ref. N°20403 (1:2000 dilution)
Secondary anti-mouse HRP antibody: Biotium Ref. N°20401 (1:2000 dilution)

2.7.6. Immunofluorescence Imaging for Endpoint Assessment of Extracellular Matrix
Component Synthesis and Deposition throughout the Combination Products

Direct immunofluorescence staining was used to assess cellular adhesion, cellular
morphology, and tendon-related extracellular matrix protein (e.g., collagen I, aggrecan,
decorin) deposition throughout the incubated constructs. Briefly, the cell-seeded scaffolds
were harvested, washed with PBS, and fixed overnight in PAF at 4 °C. An antigen retrieval
step was then performed for 10 min at 37 °C in an antigen retrieval buffered solution (i.e.,
0.05 M Tris-HCl; 0.1% CaCly; 0.15 M NaCl) supplemented with 2 mg/mL hyaluronidase.
Then, the samples were blocked for 1 h at ambient temperature in a 0.05% PBS-Tween 20
solution supplemented with 1% BSA. The samples were incubated overnight at 4 °Cin a
primary antibody solution (i.e., phalloidin-iFluor594, anti-collagen I, anti-aggrecan). Except
for phalloidin staining, revelation was eventually performed by incubating the constructs
in the corresponding secondary antibodies coupled to Alexa Fluor 488. The samples were
imaged on an Olympus IX81 microscope. For all of the presented immunofluorescence
assays, the following antibodies were used:

Primary anti-phalloidin-iFluor594 antibody: Abcam Ref. N°ab176757 (1:1000 dilution)
Primary anti-decorin antibody: Abcam Ref. N°ab175404 (1:100 dilution)

Primary anti-collagen I antibody: Abcam Ref. N°ab138492 (1:100 dilution)

Primary anti-aggrecan antibody: Abcam Ref. N°ab3778 (1:100 dilution)

Primary anti-tenomodulin antibody: Thermo Fisher Ref. N°PA5-112767 (1:100 dilution)
Rabbit IgG isotype control antibody: Abcam Ref. N°ab172730 (1:100 dilution)
Mouse isotype control antibody: Abcam Ref. N°ab170190 (1:100 dilution)

Secondary anti-rabbit Alexa 488 antibody: Abcam Ref. N°ab150081 (1:250 dilution)
Secondary anti-mouse Alexa 488 antibody: Abcam Ref. N°ab150113 (1:250 dilution)

2.8. FE002 Primary Progenitor Tenocyte-Seeded Neoligaments Graft: Manufacturing Process
Optimization Phase

2.8.1. Optimized Cell Seeding and Combination Product Incubation Processes

In order to establish a combination product manufacturing process characterized by
enhanced scalability and ease of transposition to GMP manufacturing settings, several
modifications to the initial technical specifications were implemented. The main objective
at this point was to reduce the overall manufacturing period for the cell-seeded constructs
and to separate the cellular active substance manufacturing phase from the combination
product manufacturing phase, while conserving the endpoint quality attributes of the
constructs. Therefore, high cell seeding densities were used (i.e., 10° cells/cm of scaffold)
and the construct incubation period was reduced from 14 days to 6 &= 2 days. Endpoint
characterization assays were performed (i.e., MTT, Live-Dead, immunofluorescence) to
comparatively assess the quality attributes of the combination products in both experimen-
tal conditions (i.e., conservative vs. optimized manufacturing workflow). The results of
these assessments were summarized in ad hoc parametric grading tables.

2.8.2. Pilot Assessment of Combination Product Lyophilization & Sterilization Processes

In order to initiate a preliminary evaluation for the feasibility of obtaining temperature-
stable and terminally-sterilized FE002 primary progenitor tenocyte-seeded constructs, pilot
lyophilization and sterilization studies were performed. Firstly, cell-seeded constructs
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were prepared using fresh FE002 progenitor cellular active substance materials with a
3-week incubation period. Following endpoint harvest, the constructs were immerged in
lyopreservation solution composed of 8% saccharose and 2% dextran 40,000 in diluted PBS
buffer. The samples were initially frozen at —20 °C. Following loading in the freeze-dryer,
annealing was performed between —20 °C and —30 °C. Primary drying was performed
over 48 h under a partial vacuum of 0.08 mbar and with a shelf temperature of —22 °C.
Secondary drying was performed over 14 h under a partial vacuum of 0.008 mbar and with
a shelf temperature of 25 °C. The resulting freeze-dried samples were then conditioned in
airtight boxes and were stored at 4 °C until further use. A sublot of samples was processed
by ®°Co gamma irradiation at a dose of 25-30 kGy. For comparative sample analysis, the
contents of the boxes were rehydrated with the appropriate amount of distilled water
and were left to soak for 5 min. Endpoint characterization assays were performed (i.e.,
Live-Dead, immunofluorescence imaging) in order to assess the quality attributes in both of
the experimental conditions (i.e., lyophilized samples and lyophilized /irradiated samples).
The results of these assessments were compared to those obtained on freshly harvested
constructs and were summarized in ad hoc parametric grading tables.

2.9. Human Ex Vivo Surgical Study for Clinical Protocol Establishment in Hand Ligament
Regenerative Medicine

2.9.1. Ex Vivo Human Anatomy Material Procurement and Surgical Processing

For the needs of the ex vivo part of the study, human anatomical body limbs were
provided by the Unit of Anatomy and Morphology of the University of Lausanne (Lausanne,
Switzerland). All of the ex vivo work was performed on the premises of the Unit of
Anatomy and Morphology of the University of Lausanne. The retained ex vivo anatomical
model consisted of a left arm from an elderly female patient, sectioned mid-humerus. The
arm was frozen but was not chemically preserved before the study. The arm was thawed
and was stored at 4 °C until use in the study. In order to optimize the use of human
cadaveric samples, the arm was used in a perforator flaps training after completion of this
study. To this goal, intra-arterial infusion with 60 mL of commercial latex milk mixed with
green acrylic colorant was performed 24 h before the ex vivo study, in order to optimally
visualize the microvascular structures. At the end of both studies, all biological materials
were disposed of following the applicable regulations and waste management workflows
within the Unit of Anatomy and Morphology of the University of Lausanne.

2.9.2. Ex Vivo Neoligaments Graft Implantation Procedure for Ligamento-Suspension
Plasty after Trapeziectomy

For the needs of the procedure, the arm was prepared and was placed through an oper-
ating field. An initial incision was performed on the dorsal aspect of the trapeziometacarpal
joint. Subcutaneous dissection followed, preserving the dorsal branch of the radial nerve.
After opening of the articular capsule, the trapezium was fully removed and the flexor carpi
radialis (FCR) tendon was exposed. The FlexPasser device was then used to reach under
the FCR and to set the ad hoc polymeric sheath in place. Using the sheath, the Infinity-Lock
3 device was passed under the FCR. Excess Infinity-Lock 3 materials were excised and both
ends of the device were fixed using osteosutures with Supramid 3-0 (B. Braun, Melsungen,
Germany) threads on the basis of the metacarpal bone. Sufficient tension was set to achieve
an effective suspension of the thumb upon testing.

2.9.3. Ex Vivo Neoligaments Graft Implantation Procedure for Thumb
Metacarpo-Phalangeal Ulnar Collateral Ligamentoplasty

For the needs of the procedure, an initial incision was performed to gain access to
the ulnar collateral ligament (UCL). The UCL was sectioned and a 1 cm-portion of the
ligament was removed in order to artificially create the equivalent of a complete rupture.
Testing of the articulation confirmed an excessive laxity following the section. The Infinity-
Lock 3 device was installed and was sutured in place distally first, using Supramid 3-0.
Excess Infinity-Lock 3 materials were excised and the free end of the device was sutured
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proximally using the same thread. Testing of the articulation confirmed that the lateral
stability of the joint was restored. If the remaining portions of the artificial ligament were to
be insufficient for direct suturing, direct fixation into the bone could be performed using an
anchor such as Micro-Mitek (DePuys Synthes, Comté de Bristol, MA, USA). The artificial
grafts showed some filamentory fragmentation after being cut. This was assessed as being
similar to what can be clinically observed in native tendons and did not impact the stability
of the construct.

2.10. Statistical Analysis of the Data and Presentation of the Results

For the statistical comparison of average values from two sets of data, a paired Stu-
dent’s t-test was applied, following appropriate evaluation of the normal distribution of
data, wherein a p-value < 0.05 was retained as a base for statistical significance determi-
nation. The calculations and data presentation were performed using Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA), Microsoft PowerPoint, and GraphPad Prism
version 8.0.2 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. FE002 Primary Progenitor Tenocytes Possess Quality and Safety Attributes Compatible with
Translational and Clinical Musculoskeletal Tissue Engineering

In order to confirm and to further document the quality- and safety-related attributes
of the considered FE002 primary progenitor tenocytes, several cellular active substance
characterization and qualification studies were performed in vitro. For facilitated reading
of the results, a general overview of the design of the study, presenting the major phases, is
presented in Figures S1A and S1B. Firstly, a comparative proteomic analysis revealed that
the considered FEO02 primary progenitor tenocytes contained major proteinic constituents
known to compose native human tendons (e.g., ECM proteoglycans, collagens, ECM
glycoproteins), which were also found in the considered patient primary tenocyte group
(Table 1).

Table 1. Results of the comparative proteomic analysis for the determination of the major constituents
in FE002 primary progenitor tenocyte and patient tenocyte samples (i.e., from cells expanded in vitro
in monolayers). Relative quantitative data were expressed as fold change logarithms (i.e., base 2 log),
with a significance threshold value specified at 0.9 for upregulation and an FDR threshold value
specified at <0.01. The data are reported for three selected protein classes, namely collagens, ECM
glycoproteins, and ECM proteoglycans. ECM, extracellular matrix; FC, fold change; FDR, false
discovery rate.

Short Protein Patient Tenocytes vs. FE002

Protein Class Protein Name Progenitor Tenocytes FDR Value
Name
logFC Value

. Basement membrane-specific hepfiran HSPG2 02981 <0.01
g sulfate proteoglycan core protein
g Versican core protein VCAN —0.4311 <0.01
ED Aggrecan core protein ACAN —0.8185 <0.01
Q9 Decorin DCN 1.5648 <0.01
£ Biglycan BGN 0.3762 <0.01
s Prolargin PRELP 0.3975 <0.01
Eu) Testican-1 SPOCK1 0.3765 <0.01
= Podocan PODN 1.1864 <0.01

Mimecan OGN —1.5874 <0.01
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Table 1. Cont.

Patient Tenocytes vs. FE002

Protein Class Protein Name Short Protein Progenitor Tenocytes FDR Value
Name
logFC Value
Collagen alpha-3(VI) chain COL6A3 0.2684 <0.01
Collagen alpha-1(XII) chain COL12A1 —0.4344 <0.01
Collagen alpha-2(I) chain COL1A2 —0.9689 <0.01
Collagen alpha-1(I) chain COL1A1 —1.2075 <0.01
Collagen alpha-1(XIV) chain COL14A1 —2.0388 <0.01
a Collagen alpha-2(VI) chain COL6A2 0.1635 <0.01
5 Collagen alpha-1(III) chain COL3A1 —0.8283 <0.01
= Isoform 2 of Collagen alpha-1(V) chain COL5A1 —1.3237 <0.01
8 Collagen alpha-1(XVIII) chain COL18A1 —0.1641 <0.01
o Collagen alpha-2(V) chain COL5A2 —1.4452 <0.01
Collagen alpha-1(II) chain COL2A1 0.6062 <0.01
Collagen alpha-1(XVI) chain COL16A1 —0.3993 <0.01
Collagen alpha-1(IV) chain COL4A1 —0.6277 <0.01
Collagen alpha-1(VIII) chain COL8A1 0.7691 <0.01
Collagen alpha-1(XI) chain COL11A1 —0.4923 <0.01
Fibronectin FN1 0.9885 <0.01
Laminin subunit beta-2 LAMB2 —0.6965 <0.01
Tenascin TNC 0.1536 <0.01
Laminin subunit alpha-4 LAMA4 —0.2982 <0.01
Laminin subunit gamma-1 LAMC1 —0.1818 <0.01
Peroxidasin homolog PXDN —0.1384 <0.01
von Willebrand factor A VWA5A 0.6092 <0.01
domain-containing protein 5A
Transforming growth
factor-beta-induced protein ig-h3 TGFBI 0-3414 =0.01
Thrombospondin-1 THBS1 —0.4929 <0.01
Tenascin-X TN-X 0.9108 <0.01
Laminin subunit beta-1 LAMB1 0.1839 <0.01
Lactadherin MFGES —0.2366 <0.01
2 EGF-like .repeat apq discoidi.n I-like EDIL3 0.3395 <0.01
B domain-containing protein 3
° Procollagen C-endopeptidase
‘g enhancer 1 PCOLCE —0.4078 <0.01
E\ Laminin subunit alpha-3 LAMA3 —0.1923 <0.01
O Extracellular matrix protein 1 ECM1 1.2584 <0.01
5 Fibulin-2 FBLN2 —0.5234 <0.01
= Thrombospondin-2 THBS2 0.1871 <0.01
@ Latent—transfon?nng growth factor LTBP1 02777 <0.01
beta-binding protein 1
Collagen triple hehx. repeat-containing CTHRC1 23638 <001
protein 1
Fibulin-1 FBLN1 0.5411 <0.01
Latent—transforr.mng grothh factor LTBP3 03839 <001
beta-binding protein 3
Insulin-like growth factor-binding IGEBP7 0.2386 <001
protein 7
CCN family member 1 CYRe1 0.8094 <0.01
Cysteine-rich with EGF—like domain CRELD2 06177 <001
protein 2
Netrin-G1 NTNG1 —0.5626 <0.01
Latent-transforming growth factor LTBP? 0.9153 <001

beta-binding protein 2
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Table 1. Cont.

Short Protein Patient Tenocytes vs. FE002

Protein Class Protein Name N Progenitor Tenocytes FDR Value
ame
logFC Value

Cartilage oligomeric matrix protein CcCOMP —0.3154 <0.01

Cysteine-rich with EGF—hke domain CRELD1 05640 <001
protein 1

Insulin-like growt.h factor-binding IGFBP5 1.4395 <001
protein 5

Adipocyte enhancer-binding protein 1 AEBP1 1.0318 <0.01

Insulin-like g{row.th factor binding IGFBP3 0.9616 <0.01

protein 3 isoform b

Microfibril-associated glycoprotein 4 MFAP4 —2.3113 <0.01

Fibrillin-2 FBN2 —0.6129 <0.01

Slit homolog 3 protein SLIT3 —0.3010 <0.01

Laminin subunit alpha-1 LAMA1 0.6983 <0.01

Slit homolog 2 protein SLIT2 0.5349 <0.01

Thrombospondin-3 THBS3 —0.5152 <0.01

Target of Nesh-SH3 ABI3BP 0.5272 <0.01

Laminin subunit alpha-5 LAMAS —0.7307 <0.01

Netrin-4 NTN4 —0.5776 <0.01

Matrix-remodeling-associated protein 5 MXRA5 —0.3548 <0.01

Secondly, an in vitro cellular adhesion assay was performed using patient primary
tenocytes and FEOO2 primary progenitor tenocytes, to comparatively assess their respec-
tive adhesion potentials on ubiquitous ECM components (e.g., collagen I, fibronectin, i.e.,
found in abundant amounts in tendinous tissues). The results indicated that both of the
considered primary cell types were capable of similar and rapid adhesive behaviors on
collagen I-, fibronectin-, and FBS-coated surfaces (Figure S2). Of note, FBS is known to
contain vitronectin, which is among the molecules most probably responsible for the con-
sidered cellular adhesive properties. Thirdly, a 3-galactosidase staining assay confirmed
that FE002 primary progenitor tenocytes reached senescence at high in vitro passage levels
(e.g., passage level N°10), thereby confirming the finite nature of the cell type’s lifespan
(Figure S3). Finally, a comparative telomerase activity quantification assay enabled to
confirm that FEQ02 primary progenitor tenocytes possess telomerase activity levels which
are two orders of decimal magnitude below those of known tumoral cell lines (i.e., HeLa
cells, Table S1). Generally, the obtained in vitro original data complemented the previously
published biological characteristics/attributes of FE002 primary progenitor tenocytes [39,55].
Opverall, the obtained data enabled to set forth important quality- and functionality-related
attributes of FEO02 primary progenitor tenocytes (i.e., capacity to adhere to known compo-
nents of tendons and ligaments) and important safety-related attributes (i.e., low propensity
for presenting tumorigenic behaviors) of this cellular active substance.

3.2. Allogeneic FEO02 Primary Progenitor Tenocytes May Be Rapidly Combined with
Neoligaments Devices to Form Biologically-Enhanced Grafts

The sound development of a cell-scaffold finished combination product implies that
the chosen scaffold should be perfectly biocompatible with the therapeutic cellular ac-
tive substance of interest. Specifically, the cells need to be able to bind to the scaffold’s
fibers/surfaces and remain viable up until the time of finished product clinical adminis-
tration. In addition, the cell seeding process must be efficient, to reduce the proportion
of non-binding cells. The synthetic material composing the Neoligaments Infinity-Lock 3
scaffold is known to passively allow cell and tissue ingrowth following clinical application.
Therefore, the initial focus point of the present study, in view of establishing allogeneic
musculoskeletal tissue engineering protocols, consisted in the validation of cytocompatibil-
ity aspects between Neoligaments scaffolds and FE002 primary progenitor tenocytes. For
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material rationalization purposes, the in vitro studies were performed on Infinity-Lock 3 or
Jewel ACL scaffold subunits of 1 cm, obtained by fractionation of whole device units. Vari-
ous cell seeding strategies were investigated, using two cell seeding modalities (i.e., static
vs. dynamic), various cell seeding relative doses, and various construct incubation time-
periods. The results confirmed the cytocompatibility between the considered Neoligaments
scaffolds and the FE002 primary progenitor tenocytes. Furthermore, significant differences
between the two cell seeding strategies were evidenced, favoring the exclusive subsequent
use of dynamic cell seeding protocols for the in vitro assays of the study (Figure 1(A1,A2)).
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Figure 1. Results of biocompatibility and tissue engineering process development studies aiming to
establish the cell seeding density, the cell seeding type (i.e., static or dynamic cell seeding), and the
combination product incubation period. The results outlined that in optimal conditions, the FE002
progenitor cells adhere on the scaffolds, are capable of 3D proliferation, and stay metabolically active
(i.e., positive MTT readout). (A1,A2) Dynamic seeding of FEO02 primary progenitor tenocytes on
the Infinity-Lock 3 scaffolds resulted in superior colonization (i.e., increased efficiency) compared to
static cell seeding, as assessed by MTT staining (i.e., cell viability and localization on the scaffold).
A dose-dependent relationship was evidenced between the cell seeding density and the scaffold
colonization capacity. Imaging was performed 7 days after cell seeding of plasma-treated scaffolds.
(B) Results indicated that the dynamically seeded FE002 cells were capable of proliferation on
the scaffolds. An assessment of various combination product incubation periods revealed that
significant scaffold colonization and homogeneous cellular proliferation were attained with a dose
of 5 x 10* cells/scaffold at the 7-day and 14-day timepoints. The observed significant increase in
MTT signals was confirmed by quantitative analysis (data not shown). (C) Similar results of scaffold
colonization by FE002 cells were obtained with Jewel ACL scaffolds (i.e., with dynamic cell seeding),
as assessed by MTT staining. These results indicated that such scaffolds could potentially be used
with a high degree of versatility for musculoskeletal bioengineering, depending on the anatomical
location of the affection. Overall, the use of higher cell seeding densities enables reaching of high cell
quantities within the combination products in shortened incubation time-periods. OD, optic density.
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Specifically, after cell seeding and construct incubation, MTT staining and the subse-
quent MTT dye quantification firstly demonstrated the presence of metabolically active cells
binding to the scaffolds. Secondly, while the cell seeding density had a significant impact
on scaffold colonization capacity by the cells at early construct incubation time-points,
samples at late time-points (i.e., two or three weeks of incubation) displayed comparable
cellular colonization (Figure 1B,C). These results generally indicated that the Infinity-Lock
3 and Jewel ACL scaffolds were comparable in terms of wettability/cytocompatibility and
that the FE002 primary progenitor tenocytes were capable of homogeneous 3D prolifera-
tion throughout both scaffolds (Figure 1). Furthermore, it was shown that a dynamic cell
seeding protocol was required to enable significant cellular adhesion to the scaffold fibers
and that some sort of saturation occurred after homogeneous scaffold colonization was
achieved by the cells (Figure 1).

The obtained cytocompatibility data gathered using the MTT readout was confirmed
by the Live-Dead readout, showing the presence of adherent and viable cells along the
scaffold fibers following incubation (Figure S4). Scaffold autofluorescence had been previ-
ously experimentally excluded. In endpoint, most of the present FE002 primary progenitor
tenocytes were assessed as being alive (i.e., green staining), while only a few dead cells
(i.e., red staining) could be observed on the scaffolds. Furthermore, Live-Dead cell staining
allowed to specifically observe the spreading and alignment of the cells along the scaffold
fibers (Figure S4). Overall, while the MTT readout enabled the rapid global evaluation of
cellular adhesion, scaffold colonization quality, and cellular metabolic activity maintenance,
the Live-Dead readout provided complementary information (i.e., relative viable cellular
proportion, cell conformation along the fibers). Finally, additional potency-related data
were gathered in endpoint on the Infinity-Lock 3 scaffolds bearing FE002 primary progeni-
tor tenocytes, by using immunofluorescence readouts (Figure S5). These results confirmed
the presence and the structural organization along the scaffold fibers of ECM components
which are naturally present in tendons (i.e., decorin, tenomodulin, aggrecan, phalloidin),
confirming the ability of the cultured FE002 primary progenitor tenocytes to deploy their
functions in appropriate 3D environments (Figure S5).

Successful tendinous or ligament tissue replacement using a synthetic scaffold requires
a form of progressive in vivo graft colonization by the tissues and cells of the patient. While
the cytocompatibility and the cellular adhesion potentials of the considered FE002 primary
progenitor tenocytes were already assessed, the cytocompatibility of the scaffold with
patient primary tenocytes required characterization work (Figures 1 and S2). Specifically,
preliminary assays showed that patient primary tenocytes were capable of excellent cellular
adhesion on major tendon ECM components (i.e., biological surfaces, e.g., collagen I,
fibronectin) in vitro (Figure S2). Then, the MTT-based cytocompatibility assay, previously
described for the FE002 primary progenitor cell source, was performed again on cell-seeded
constructs bearing patient primary tenocytes. Qualitative and quantitative results of these
assays confirmed similar behaviors between the FE002 primary progenitor cells and the
patient cells on the Infinity-Lock 3 scaffold, with enhanced metabolic activity recorded in
the patient tenocyte groups (Figure 2(A1,A2)).

Such similar behaviors between the two considered primary cell types were further
confirmed in Live-Dead assays, in immunofluorescence assays (e.g., phalloidin, aggrecan
revelation), and in MTT-based histology assays on the patient tenocyte-seeded samples
(Figures 5S4, S6 and S7). Furthermore, MTT-based timepoint analyses performed on con-
structs bearing patient tenocytes demonstrated the cellular proliferation and the scaffold
colonization potentials of the latter (Figure S7). Then, a Western blot analysis confirmed
that total protein quantities on the scaffolds and specific protein (i.e., aggrecan, decorin,
collagen I, actin) quantities on the scaffolds were significantly increased at the 3-week
timepoint compared to the 1-week timepoint (full data not shown). Importantly, the gath-
ered experimental data enabled to confirm in vitro that the artificial scaffolds behaved
as intended in the presence of patient primary tenocytes (i.e., isolated from hand tendon
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tissue), namely with the physical provision/presence of an appropriate 3D environment
allowing (i.e., passively) biological material ingrowth.
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Figure 2. Results of comparative assessments for Infinity-Lock 3 scaffold colonization capacities
by patient primary tenocytes and by FE002 primary progenitor tenocytes. (A1) Both cell types
were shown to be able to bind and proliferate throughout the scaffolds. Imaging was performed 13
days after dynamic cell seeding of plasma-treated scaffolds. (A2) Patient primary tenocytes were
shown to possess similar scaffold colonization capacities compared to FE002 primary progenitor
tenocytes, as assessed by MTT staining. A dose-dependent relationship was evidenced between
the cell seeding density and scaffold colonization capacity. Superior metabolic activity levels were
recorded in the patient tenocyte group. Analyses were performed 6 days after dynamic cell seeding
of plasma-treated scaffolds. (B) CellTiter-Glo quantification data from the same scaffold lots (i.e., 6
days of incubation) showed similar results compared to the MTT quantification data. (C) Western
blotting results revealed a dose-dependent and enhanced human collagen I synthesis and deposition
within the scaffolds by the FE002 primary progenitor tenocytes compared to the patient primary
tenocytes. Whole gel imaging for collagen I and actin is presented in Figure S8. OD, optical density.

In view of optimizing the quantitative in-process controls for scaffold cellular coloniza-
tion assessment, a CellTiter-Glo readout was used to comparatively characterize constructs
bearing FE002 primary progenitor tenocytes or patient primary tenocytes (Figure 2B). The
results were in line with the data obtained using the MTT-based readouts (i.e., presence of
a dose-response relationship and slightly superior absolute values for the patient primary
tenocyte groups, Figure 2(A1,A2),B). While the CellTiter-Glo readout is more sensitive and
can be performed rapidly to obtain quantitative results, as compared to the MTT-based
readout, the qualitative assessment of scaffold colonization (i.e., cellular adhesion and
distribution) is however not possible. It should be noted that as both quantitative readouts
are based on metabolic reactions, their use for the quantitative comparison of different cell
types is not directly possible without prior normalization. In addition to the comparative
and quantitative assessments of scaffold colonization potentials at a cellular level (i.e.,
MTT-based and CellTiter-Glo readouts), immunology-based readouts revealed that the
constructs bearing FE002 primary progenitor tenocytes contained more synthesized and
deposited ECM components (e.g., collagen I) compared to the patient primary tenocyte
groups (Figure 2C). Close consideration of these potency-related results indicated that
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multiparametric controls (i.e., at least at cellular and proteomic levels) were necessary for
appropriate endpoint construct or finished combination product assessment.

As regards the type of Infinity-Lock 3 scaffolds to potentially be used in muscu-
loskeletal tissue engineering, two technical processing options exist. The first option
corresponds to the CE-marked scaffold (i.e., non-plasma treated scaffold). The second
option corresponds to a plasma-treated scaffold, developed for enhanced wettability and
cellular/tissular colonization properties [70]. Comparative multiparametric assessment
(i.e., MTT- and immunology-based assays) of plasma-treated vs. non-plasma-treated scaf-
folds firstly revealed no significant differences between the groups, as all of the considered
samples performed well in terms of functionality parameters (Figure 3).
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Figure 3. Results of the parallel qualification studies for plasma-treated and non-plasma-treated
Infinity-Lock 3 scaffolds following FE002 primary progenitor tenocyte seeding and incubation
for three weeks. (A,B) Results revealed no observable or statistically significant difference (i.e.,
p-value = 0.11) in the scaffold colonization potential of dynamically-seeded FE002 primary progeni-
tor tenocytes between the two groups, as assessed by MTT staining and subsequent dye quantification.
(C) Similar behaviors (i.e., phalloidin, collagen I, aggrecan synthesis and deposition) were evidenced
for the two scaffold groups by immunofluorescence. (D) Similar behaviors in terms of decorin
synthesis and deposition within the scaffolds were evidenced for the two considered groups by
Western blotting. Whole gel imaging for decorin and actin is presented in Figure S9. OD, optical
density.
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Specifically, FEOO2 primary progenitor tenocyte adhesion on the scaffolds was not
found to be influenced by scaffold plasma pre-treatment (Figure 3A,B). The whole construct
surface was indeed covered with cells and ECM proteins such as actin, collagen I, aggrecan,
and decorin (Figure 3C). The observed equivalence between the plasma-treated and the
non-plasma-treated Infinity-Lock 3 scaffolds was further investigated in endpoint using
comparative grading of efficacy/potency-related parameters of the cellular component of
the combined finished product (Table 2).

Table 2. Grading table for the assessment of equivalence between plasma-treated and non-plasma-
treated Infinity-Lock 3 scaffolds within the finished product manufacturing workflows. Equivalence
was assessed for finished product efficacy-related parameters/attributes only (i.e., cellular compo-
nents). ECM, extracellular matrix; 3D, three dimensions.

Endpoint Construct Gradings !

Targets & Acceptance

Efficacy Parameter Type Controls/Assays - -
y P y Criteria Non-Plasma Plasma-Treated
Treated
Cellular Viability MTT; Live-Dead Presence of viable cells et et

Maintenance in 3D throughout the constructs

Presence of cells throughout
Cellular Quantity in 3D MTT; Live-Dead the constructs; In amounts +++ +++
comparable to historical data

Presence of adherent cells

Cellular Adhesion & Cellular Live-Dead throughout the constructs; oy et
Morphology in 3D Cellular alignment along the
scaffold fibers
Presence of cells throughout
Cellular Proliferation CellTiter-Glo; the constructs in larger e i
Capacity in 3D Live-Dead amounts than after

cell seeding

Presence of homogeneously
MTT; Live-Dead distributed cells throughout +++ +++
the constructs

Cellular Colonization
Homogeneity in 3D

Presence of adherent ECM
components along the fibers ++ +++
within the constructs

Extracellular Matrix Immunofluorescence;
Synthesis & Deposition in 3D Immunohistochemistry

Presence of homogeneously
Immunofluorescence  distributed ECM throughout +++ +++
the constructs

Extracellular Matrix Deposition
Homogeneity in 3D

! Gradings were attributed as follows: (+++) = conforming, excellent performance; (++) = conforming, good
performance; (+) = conforming; (+) = unclear, additional data required; (-) = non-conforming.

Therein, the results confirmed that all of the considered samples were characterized
by good performance for all of the investigated parameters (Table 2). At this point of the
study, the available knowledge and data about cellular colonization of the Infinity-Lock 3
scaffold and ECM component synthesis/deposition throughout the scaffold enabled the
establishment of a theoretical model describing the various steps and functionality-related
mechanisms at play during construct cell-seeding and incubation (Figure 510). At this point,
the protocol for obtaining the Infinity-Lock 3 constructs bearing allogeneic FE002 primary
progenitor tenocytes was assessed as being established and validated, with multiparametric
characterization of the obtained bio-enhanced grafts (Figures 1 and 3, Table 2).
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3.3. Bio-Enhanced Constructs Bearing Viable FEO02 Primary Progenitor Tenocytes May
Potentially Be Converted into Temperature-Stable & Devitalized Cell-Based Therapeutic Products

A proof-of-concept sub-study was then carried out in order to investigate the potential
for further processing (i.e., stabilization by lyophilization, y-irradiation terminal steriliza-
tion) of the obtained FE002 progenitor cell-bearing constructs. The result indicated that
construct lyophilization resulted in the obtention of temperature-stabilized grafts, within a
devitalized cellular therapeutic product setting (Figures S11 and S12, Table 3).

Table 3. Grading table for the assessment of lyophilized and lyophilized /irradiated constructs (i.e.,
cellular components) within exploratory finished product manufacturing optimization studies. ECM,
extracellular matrix; 3D, three dimensions.

Efficacy Parameter

Targets & Acceptance

Endpoint Construct Gradings !

Controls/Assays

Type Criteria Lyophilized Lyophilized/Irradiated
Presence of cells
Cellular Quantity in 3D Live-Dead .throughout the constructs ++
in amounts comparable to
historical data
Cellular Adhesion & Presence of adherent cells
. throughout the constructs;
Cellular Morphology Live-Dead . ++
in 3D Cellular alignment along
the scaffold fibers
Presence of
Cellular Colonization o homogeneously
Homogeneity in 3D MTT; Live-Dead distributed cells A
throughout the constructs
Extracellular Matrix Presence of adherent ECM
Synthesis & Deposition ~ Immunofluorescence components along the ++
in 3D fibers within the constructs
Extracellular Matrix Presence of
Deposition Immunofluorescence homogeneously +++
POSIEOT distributed ECM
Homogeneity in 3D

throughout the constructs

! Gradings were attributed as follows: (+++) = conforming, excellent performance; (++) = conforming, good
performance; (+) = conforming; (+) = unclear, additional data required; (-) = non-conforming.

Furthermore, while lyophilized construct terminal sterilization was not technically
excluded at this point (i.e., significant residual presence of cellular materials and ECM com-
ponents within the irradiated samples), it was assessed that extensive further formulation
work and processing optimization was required, in order to potentially obtain appropriate
devitalized cellular or cell-free constructs (Figures S11 and S12, Table 3).

3.4. Bio-Enhanced Constructs Bearing FE002 Primary Progenitor Tenocytes May Be Obtained
Using an Optimized and GMP-Transposable Manufacturing Process

The specific bases for allogeneic musculoskeletal tissue engineering using FE002
primary progenitor tenocytes and Infinity-Lock 3 scaffolds were set forth in the previous
sections. In order to further establish an optimized and GMP-transposable process for
cell-seeded construct manufacture, further in vitro studies were performed. Specifically, the
first technical aspect of optimization to be investigated pertained to the state of the FE002
progenitor cell seeding materials (i.e., cellular active substance form) at the start of the
finished combination product manufacturing phase. Specifically, all of the in vitro assays
presented in the previous sections of the study were performed with fresh cellular active
substance materials. Therefore, the first objective of the optimization phase was to use
cryopreserved cellular active substance materials instead (i.e., for scaffold seeding), with
extemporaneous thawing of the cell seeding lot (i.e., for temporal decoupling of the 2D cell
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expansion phase and the 3D construct manufacturing process). The second objective of the
optimization phase was to establish a temporally condensed construct incubation process,
for overall manufacturing resource and therapeutic pathway rationalization. Therefore,
parametrically controlled cellular active substance and scaffold-based cell-bearing construct
manufacturing processes were established, based on existing practices in musculoskeletal
cell-based therapeutic approaches (Figures S13 and S14).

Experimentally, cryopreserved FEOO2 primary progenitor tenocyte cellular active
substance lots were directly prepared and used to dynamically seed Infinity-Lock 3 scaffolds
(i-e., high seeding cell dose of 10° cells/cm of scaffold) and the constructs were incubated
as described previously for a time-period of 7 days. Cell recovery controls were performed
in 2D culture to assess the cellular adhesion and proliferation potentials/behaviors after
thawing. The results of the optimization studies firstly confirmed the quality-related
attributes (i.e., in vitro adhesion, proliferation) of the cellular active substance following
extemporaneous thawing as equivalent to the same attributes of the fresh cellular active
substance (Figure 4(A1,A2)).

Phalloidin Collagen I

Figure 4. Results of finished product manufacturing process optimization work, using FE002 primary

progenitor tenocytes and Infinity-Lock 3 scaffolds in culture for 7 days. (A1,A2) Cell recovery assays
confirmed that the seeded cells conserved in vitro adhesion and proliferation capacities following
direct initiation from cryostorage. Scale bars = 75 um. (B1-B3) Iterative Live-Dead assays showed
that the cells adhered throughout the scaffold, aligned themselves along the fibers, and spread along
the fibers during proliferation. Several dead cells (i.e., in red fluorescence) could be observed, yet
most of the cells were found to be viable (i.e., in green fluorescence). Overall, the proportion of
viable cells was found to be more important at the 4-day and the 7-day timepoints. (C1-C3) Endpoint
immunostainings were found to be positive for phalloidin, collagen 1, and aggrecan, confirming
cellular alignment and extracellular matrix synthesis and deposition along the scaffold fibers after
7 days of incubation.
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Secondly, the results confirmed the functionality-related attributes of the FE002 pri-
mary progenitor tenocytes during and after construct incubation (i.e., cellular adhesion
and proliferation along the scaffold fibers, Figure 4(B1-B3)). Specifically, Live-Dead data
confirmed cellular viability maintenance and proliferation within the construct, especially
at the two later timepoints (Figure 4(B1-B3)). Importantly, a minoritarian yet significant
amount of non-viable cells (i.e., in red fluorescence) were recorded at the 2-day time-
point, while only small amounts of non-viable cells were recorded at later timepoints
(Figures 4(B1-B3) and S15). Such results confirmed the need for a minimal in vitro incu-
bation period of the cell-seeded constructs of at least 4 days, in order to maximize in
situ cellular viability and function. Specific endpoint Live-Dead assays showed adherent,
viable, and highly organized FE002 primary progenitor tenocyte networks throughout the
scaffolds (Figure 516). Thirdly, the results confirmed the functionality-related aspects of the
FE002 primary progenitor tenocytes following construct incubation (e.g., ECM component
synthesis and deposition along the scaffold fibers, Figures 4(C1-C3), S17 and S18). Specifi-
cally, immunohistology performed at the 7-day timepoint showed that the scaffold fibers
were coated with actin, phalloidin, collagen I, and aggrecan (Figure 4(C1-C3)). Overall,
no significant differences were observed in terms of quality, purity, and potency-related
parameters between the standard combined finished product manufacturing protocol (i.e.,
low cell seeding dose, 14 days of incubation) and the optimized protocol (i.e., high cell
seeding dose, 7 days of incubation, Table 4).

Table 4. Grading table for the assessment of equivalence between the standard protocol and the
accelerated protocol within combined finished product manufacturing. Equivalence was assessed
for finished product efficacy-related parameters/attributes only (i.e., cellular components) using the
non-plasma-treated Infinity-Lock 3 scaffold. ECM, extracellular matrix; 3D, three dimensions.

Endpoint Construct Gradings !

Targets & Standard Optimized
Parameter Class Parameter Type Controls Acceptance Criteria Protocol I?rotocol
14 Days 7 Days
Cellular Adher- Presence of viable &
Quality ence/ Viability Recovery plates adherent cells in +++ +++
in 2D recovery plates
Cellular Quan- Presence of actively
Quality tity /Proliferation Recovery plates proliferating cells in +++ 4+
Capacity in 2D recovery plates
Cellular S};ﬁc;ﬁ; ceillular
Population con(i };r;)b(l)eg i,o
Purity Identity & Non- Recovery plates ompe +++ +++
.. historical data;
Contamination
. Monomodal cellular
in 2D .
population
L Presence of a
Potency Cellulg r Viability MTT; Live-Dead majority of +++ -+
in 3D .
viable cells
.Cellulalj Quap— CellTiter-Glo; Pregence .of actively
Potency tity /Proliferation . proliferating cells on +++ +++
L. Live-Dead
Capacity in 3D the constructs
Presence of cells
Cellular throughout the
Adhesion & . constructs;
Potency Morphology Live-Dead Alignment of cells A A
in 3D along the construct

fibers
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Table 4. Cont.

Endpoint Construct Gradings !

Targets & Standard Optimized
Parameter Class ~ Parameter Type Controls Acceptance Criteria Protocol Protocol
14 Days 7 Days
Cellular Homogeneous
Potency Colonlzatl(?n MTT; Live-Dead presence of cells et o
Homogeneity throughout the
in 3D constructs
Presence of adherent
Extracellular . .
- . Immunohistochemistry; ~ ECM components
Potency Matrix Synthesis +++ +++
. Immunofluorescence along the scaffold
& Deposition .
fibers
Extracellular
Matrix Homogeneous ECM
Potency Deposition Immunofluorescence  presence throughout +++ +++
Homogeneity the constructs
in 3D

! Gradings were attributed as follows: (+++) = conforming, excellent performance; (++) = conforming, good
performance; (+) = conforming; (+) = unclear, additional data required; (-) = non-conforming.

Of note, both the plasma-treated and the non-plasma-treated Infinity-Lock 3 scaffolds
were used within the optimized cell-seeded construct manufacturing protocol. Therein,
no significant differences were evidenced between both scaffold types (Figures S15-518).
At this point of the study, the optimized protocol for obtaining clinically usable constructs
bearing allogeneic FE002 primary progenitor tenocytes was assessed as being established
and validated, in conformity with the corresponding controlled and parametrically defined
manufacturing processes (Figures S13 and S14, Tables 52-55). Overall, it was shown that
the combined finished products, displaying appropriate critical and key quality attributes,
could be rapidly manufactured using a simple GMP-transposable process, starting with
cryopreserved FE002 cellular active substance materials.

3.5. Infinity-Lock 3 Constructs May Be Applied in Several Indications of Cell-Assisted Hand
Ligament Regenerative Medicine

The intended therapeutic uses of the FE002 primary progenitor tenocyte-seeded con-
structs comprise several applications in the surgical management of hand tendon/ligament
reconstructive interventions. In order to specifically verify the applicability of the Infinity-
Lock 3 scaffold in two of the considered therapeutic indications, an ex vivo anatomical
model was used. The first part of the ex vivo study enabled to confirm the applicability of
the Infinity-Lock 3 construct for ligamento-suspension plasty after trapeziectomy (Figure 5).

Specifically, it was confirmed that the structural and physical roles of such grafts were
satisfactorily filled by the Infinity-Lock 3 construct, based on the surgical assessments of
the authors. This application was considered of particular interest for patients presenting
severe local osteoarthritis symptoms. Notably, it was noted that the length of the Infinity-
Lock 3 construct was substantially reduced, following suturing and resection of excess
synthetic graft materials, confirming the need for the production of excess graft material
lengths (i.e., to comply with handling and surgical implantation needs, Figure 5]-L). The
second part of the ex vivo study enabled to confirm the applicability of the Infinity-Lock 3
construct for thumb metacarpo-phalangeal ulnar collateral ligamentoplasty (Figure 6).
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Figure 5. Illustrated step-by-step surgical overview of the ligamento-suspension plasty after trapeziec-
tomy procedure using the Infinity-Lock 3 construct. (A) Initial setup. (B) Incision. (C) Exposure of
APL and EPB tendons. (D) Exposure of the dorsal branch of the radial nerve. (E) FCR exposure.
(F) FlexPasser installation. (G) Sheath installation. (H,I) Installation of the Infinity-Lock 3 construct
using the sheath. (J) Removal of excess synthetic graft material. (K,L) Suturing of the Infinity-Lock
3 construct to the bone. Scale bars = 2.5 cm. APL, abductor pollicis longus; EPB, extensor pollicis
brevis; FCR, flexor carpi radialis.

It was confirmed once more that the structural and physical roles of such grafts were
satisfactorily filled by the Infinity-Lock 3 construct, based on the surgical assessments of
the authors (Video A, Video B). This application was considered of particular interest for
patients presenting acute UCL ruptures, also known as “skiers’ thumb”. Specifically, it was
confirmed from a surgical point-of-view that the construct was adapted for the considered
use and that the intervention resulted in the obtention or restoration of appropriate thumb
mobility (Video A, Video B). Overall, the presented ex vivo results enabled to establish
surgical proofs-of-concept and surgical protocols for hand ligament regenerative medicine,
in view of the further translational and clinical studies to be performed with the considered
allogeneic bioengineered grafts.
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Figure 6. Illustrated step-by-step surgical overview of the thumb metacarpo-phalangeal ulnar

collateral ligamentoplasty. (A) Exposure of the thumb UCL. (B) Ablation of a portion of the thumb
UCL. (C) Distal suture of the Infinity-Lock 3 construct. (D) Proximal suture of the Infinity-Lock 3
construct. Scale bars = 2.5 cm. UCL, ulnar collateral ligament.

4. Discussion
4.1. Quality and Efficacy Parameters/Attributes: Cytocompatibility, Cellular Function, and
Proteomic Constituents in the FEO02 Primary Progenitor Tenocyte-Bearing Constructs

The general approach to musculoskeletal tissue engineering adopted within this study
was firstly oriented toward finished product quality attribute maximization and secondly
toward technical simplification, for the eventual obtention of overall manufacturing effi-
ciency (Figures S1A and S1B). As is required by legal and normative documentation relative
to novel cell-based or cell-containing products, the study focused on two main successive
phases, namely the FE002 cellular active substance production and then the scaffold-based
cell-bearing combined finished product production. As concerns the former, an extensive
body of knowledge around the FE002 primary progenitor tenocyte clinical grade cell source
predated the present study and was largely reported in the literature [19,39,55-58,71].
Specifically, multiple aspects of FEO02 primary progenitor cell type characterization and
qualification have been investigated, up to and including an in vivo GLP study in rab-
bits [39,71]. Furthermore, extensive validation work pertaining to primary progenitor cell
type manufacturing in multi-tiered biobanking systems enabled to confirm the stability
and the sustainability of the therapeutic cell source, based on in-house experience with
GMP-produced and clinically applied alternative FE002 primary progenitor cells (e.g.,
FE002 dermal progenitor fibroblasts) [39,72].

Generally, an important concern regarding the in vivo implantation of viable exo-
geneous cells for therapeutic purposes is the risk of tumor formation. Notwithstanding
the available data (i.e., in vitro, in ovo, and in vivo) relative to FE002 primary progenitor
tenocyte safety (i.e., iterative karyotyping, soft agar tumorigenicity assay, CAM model,
rabbit model), additional documentation of cellular active substance safety attributes was
required [39,71]. Therefore, cell type lifespan characterization assays (e.g., in vitro senes-
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cence confirmation by evolutive population doubling value assessment and (3-galactosidase
activity determination) enabled to unequivocally confirm the primary nature of diploid
FE002 primary progenitor tenocytes (Figure S3). Secondly, the results of the determination
of telomerase activity within the FEO02 primary progenitor cellular active substance fell in
line with the data gathered the in soft agar and in vivo assays, namely the inability of the
FE002 primary progenitor tenocytes to develop tumoral growth/behaviors in the retained
experimental settings (Table S1) [39]. Specifically, the telomerase activity quantification
assays enabled to provide a quantitative assessment for an important parameter related to
safety attributes of the cellular active substance, contrasting with the soft agar and in vivo
assays (i.e., descriptive or semi-quantitative, Table S1) [39].

Of note, telomeres protect chromosome ends against chromosomal fusion, recom-
bination, or terminal DNA degradation [73]. Telomeres progressively shorten during
processes of DNA replication and cell division in primary cell types (i.e., non-continuous
cells), eventually leading to a progressive stop in replication and therefore resulting in cell
senescence [73]. Telomerase is a reverse transcriptase enzyme capable of adding telomeric
repeats to chromosome ends. In somatic human cells, telomerase activity is decreased
after birth resulting in telomere length shortening with each cell division [73]. In contrast,
cancer cells have high telomerase activity resulting in telomere maintenance and cell im-
mortality [73]. The original data gathered on FE002 primary progenitor tenocytes, when
compared to that of known cancerous cell lines (i.e., HeLa and HCT-116 positive controls),
confirmed the appropriate level of function of telomerase in the cellular active substance of
interest (Table S1).

Overall, the aggregated safety-related data around the FEO02 primary progenitor
tenocyte source was assessed as appropriate and conforming to the further considered ther-
apeutic use of such cells in human regenerative medicine [39]. Specifically, the telomerase
assay results were interpreted positively in light of the fact that at least one continuous cell
line (i.e., immortalized cells) has been safely and effectively used in large-scale orthopedic
clinical trials, with no reported safety concerns linked to inherent cellular active substance
safety parameters (i.e., Invossa, Kolon TissueGene, Rockville, MD, USA) [74]. Therefore,
while classical approaches to safety evaluation of novel cell-based therapies remain of
critical importance before initiating clinical investigational use, recent developments and
the available clinical data should also be factored in the corresponding risk analyses.

With regards to functionality-oriented aspects of FE002 primary progenitor cell type
characterization, the original in vitro data presented in this study (e.g., cellular adhesion
on ECM-coated surfaces) confirmed the biocompatibility data previously gathered using ex
vivo decellularized equine tendon tissues (Figure S2) [19]. Furthermore, detailed investiga-
tion into the interactions between the FE002 primary progenitor tenocytes and the synthetic
Infinity-Lock 3 scaffold have confirmed the compatibility and the function at cellular and
proteinic levels (Figures 1 and 4). From a mechanistic point-of-view, the rationale for
combining therapeutic FEO02 primary progenitor tenocytes on synthetic scaffolds may be
considered as multifaceted. Firstly, within the context of hand ligament reconstructive
surgery, the scaffold itself passively exerts the principal (i.e., necessary and sufficient) mode
of action (i.e., structural tissular repair/replacement). Thus, the mode of action of the bio-
logical constituents (i.e., allogeneic FE002 cells and materials produced by them) is ancillary
to that of the scaffold, when considering the finished combination product (Figure 510).
Secondly, it is known that patient tissues and cells colonize the passive scaffold, in a man-
ner or rate dependent upon the structural specificities of the synthetic device, based on
existing in vivo preclinical and clinical reports (Tables S6-S8) [60,68]. Therefore, the use of
a biologically-enhanced construct bearing allogeneic FE002 progenitor materials has the
potential to qualitatively enhance graft bio-integration following implantation (e.g., scaf-
fold colonization by host cells, avoidance of tissue adhesions, regulation of inflammation,
modulation of implantation tissular environment) [75,76].

Specifically, the FE002 progenitor cell-bearing Infinity-Lock 3 constructs are known
to be covered in biological materials (i.e., allogeneic progenitor cells, ECM constituents),
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which can potentially additionally or actively (i.e., in contrast to the passive nature of the
barren scaffold itself in that regard) enable colonization of the graft by endogenous host
tissues and cells. It was shown that scaffold colonization with FEOO2 primary progenitor
tenocytes resulted in fiber coating with collagen I, decorin, and aggrecan, which are known
tendon/ligament ECM proteins. Therefore, ECM deposition should create a different
kind of localized favorable environment for integration by the surrounding patient tissues,
through biological enhancement (e.g., biological priming) of the scaffold. Indeed, one major
identified problem of tendinous tissue healing is the reduced quality of repair, leading to
important rates of tissue re-tear [5-7,15]. Modern strategies to improve tendon healing
outcomes are oriented toward biological-enhanced (e.g., growth factors, PRP, or various
therapeutic cell sources) devices, with encouraging results (Table S9) [3,12]. Therein,
the effects of bio-supplementation in tendon and ligament surgery have notably been
investigated for several decades [75,76]. It was specifically shown that the combination of
artificial LK scaffolds with a strip of fascia lata or infrapatellar fat pad accelerated tissue
induction and increased the remodeling processes in vivo [75,76]. Such elements strongly
support the considered use of FE002 primary progenitor materials for Infinity-Lock 3
scaffold bio-enhancement from a mechanistic viewpoint, aiming to provide biological cues
for holistically optimized tissular repair/regeneration.

At the proteomic level, the experimental data has shown that the considered FE002
progenitor cellular active substance was composed of collagens, ECM glycoproteins, and
ECM proteoglycans (Table 1) [55]. Data analyses revealed that the reported protein panel
for the FE002 primary progenitor cells was highly similar to that of the patient primary
tenocytes considered in this study and additional cross-referencing was made to reported
proteomic analyses of human tendons (i.e., relative comparison possible) [69]. Importantly,
this analysis demonstrated that FE002 primary progenitor tenocytes maintain the expres-
sion of critical human tendon ECM proteins after in vitro monolayer expansion and cell
banking (Table 1). While collagen represents 60-85% of tendon dry mass and collagen I
is the most abundant form of collagen in tendon tissue, additional minor ECM proteins
have been identified in the FE002 progenitor cellular active substance and are important
for tendon function and tendon health (Table 1) [77]. In the collagen family, the identified
COL1, COL3, but also COL5, COL6, and COL12 proteins are known for their role in fibril-
logenesis, and FEO02 primary progenitor tenocytes also express a panel of ECM-associated
glycoproteins (e.g., COMP, fibronectin, tenascin-C, Table 1). Furthermore, large proteo-
glycans (e.g., aggrecan) and SLRPs proteoglycans (e.g., decorin, biglycan) were identified
and are involved in several aspects of tendon biology (i.e., fibrillogenesis, modulation of
cell proliferation, migration, or differentiation) (Table 1) [69,77]. Overall, it was confirmed
that the considered FE002 primary progenitor tenocytes contained proteinic constituents
that are characteristic of human tendinous tissues and that could be of functional inter-
est within the presented scaffold-based progenitor cell-bearing combination product, for
bio-enhancement by synthetic fiber coating (Table 1) [69]. Concomitantly to ECM protein
deposition throughout the Infinity-Lock 3 scaffolds, the FE002 primary progenitor tenocytes
are also a source of additional biological factors (e.g., FGF-2 or HGF growth factors), which
can locally assist and potentially promote the complex processes of tissue healing, in a
similar way as PRP or MSC injections/grafting [78-88]. Therein, the use of standardized
therapeutic primary cell sources (e.g., clinical grade FE002 primary progenitor cell sources)
may be considered as advantageous over the use of genetically manipulated materials,
from a technical simplicity and an in vivo safety standpoint [89-95]. Importantly, while
new tendon/ligament tissue is forming and migrating within the implanted construct, the
scaffold itself possesses, by design, the physical properties allowing to withstand the me-
chanical constraints applied onto the articulation [60,76]. From a technical and processing
point-of-view, the present study set forth several proofs-of-concept for combination product
preparation, stabilization, and sterilization. While finished product terminal irradiating
sterilization was not technically excluded based on the available functional readouts, it
was assessed that significant further studies were required in order to obtain acceptable
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off-the-shelf combination constructs. It is important to note that process parameters and
product attributes are specific to the applied process and that the requirements for the final
form of the product notably depend on the intended clinical use.

Generally, the reasoning and rationale for cell-seeded construct use in musculoskeletal
regenerative medicine is based on existing experience with chondrocyte therapy, wherein
biological enhancement of matrices has been studied [96]. This approach aims to prime
the implanted grafts and to provide stimulatory signals to the surrounding environment
in order to optimize tissular repair [96]. Extensive characterization work and clinical
hindsight are available in this domain, notably for autologous chondrocytes cultured on
synthetic scaffolds (e.g., Chondro-Gide, Optimaix) in vitro [96]. By analogy, the obtained
functionality-related data gathered on the FE002 primary progenitor tenocyte cellular
active substance of interest confirmed that despite “substantial manipulation” of the cells
in serial monolayer culture, cellular quality attributes and functionality are conserved.
Such considerations are based on widely known and regulatorily accepted manufacturing
and control parameters in the field of cartilage tissue engineering (i.e., comprising a cell
culture expansion phase) [96]. Therein, demonstration of the ability of the therapeutic cells
to readopt a chondrogenic behavior in 3D culture (i.e., following the 2D expansion phase,
characterized by a transient loss of chondrogenicity) constitutes the basis of in vitro product
potency characterization and qualification. By extension, for the FE002 cell-seeded Infinity-
Lock 3 constructs, the functional biological aspects were documented at the cellular and
proteomic levels, which are more informative/relevant (i.e., functionally impactful) than
gene expression profiles, for example. In particular, such functional attributes of the cellular
active substance (i.e., 3D cellular attachment and proliferation, ECM scaffold fiber coating)
may be used as in vitro potency assays for alternative cytotherapeutic formulations (e.g.,
injectable FEQ02 cell suspensions in HA-based hydrogels or in autologous human serum-
supplemented saline solutions) containing viable FE002 primary progenitor tenocytes [56].

Overall, both the FE002 progenitor cellular active substance and the combined fin-
ished product were shown to possess attributes and functions which are in line with the
intended use of the bio-enhanced constructs, in view of optimizing musculoskeletal tissue
reconstruction processes (Figure 4, Table 1). Specifically, quality- and functionality-related
parameters/attributes of the FE002 primary progenitor tenocytes have been analyzed and
investigated in light of pre-existing work in cartilage tissue engineering. This angle is
especially interesting, as the scientific, clinical, and regulatory dimensions of chondrocyte-
based therapy are much more advanced and accepted than those in the scarce current field
of clinical tenocyte-based regenerative therapies, providing a tangible comparison point
within the musculoskeletal system.

4.2. Applicability of FE002 Primary Progenitor Tenocyte-Bearing Constructs in Allogeneic
Cell-Assisted Hand Ligament Regenerative Medicine

For the sound development of novel cell-based or cell-containing combination prod-
ucts, several regulatory and clinical risks may be mitigated by the use of a material or
device which has been previously approved and clinically used successfully (i.e., docu-
mented track-record). While several technologies and materials are currently commer-
cialized for tendon and ligament reconstruction, the Neoligaments devices were selected
based on the extensive available clinical hindsight and the high versatility in available
device designs, enabling eventual widening of the clinical indications for alternative
FE002 progenitor cell-seeded constructs (e.g., progenitor cell-assisted rotator cuff repair,
Tables S6-58) [20,24-26,59-68].

In detail, the studied Infinity-Lock 3 system is a CE-marked medical device in the
form of an open weave tape with densely woven sections (https:/ /www.neoligaments.
com/, accessed on 8 June 2023, Figure 5). This device is a sterile and single-use, non-
absorbable, implantable tape made from polyester (i.e., 100% polyethylene terephthalate).
Listed clinical indications comprise soft tissue approximation and structural reconstruction
in musculoskeletal surgical procedures, such as the reconstruction of damaged or torn

61



Pharmaceutics 2023, 15, 1873

ligaments and tendons. The Infinity-Lock system is an adaptation of the Leeds-Keio
ligament (LK ligament), which has been tested and validated in porcine and in canine
in vivo models (Table S6) [75,76]. The LK synthetic scaffolds were developed several
decades ago and were clinically used for ligament and tendon repair surgeries, wherein
long-term patient follow-up data are available (Tables S7 and S8) [62-64,66,67].

Importantly, notable studies on the biocompatibility of such devices with human hand
tendon tissues (e.g., study of tendon tissue ingrowth) have been considered to constitute the
technical foundations for the design of the presented FE002 primary progenitor tenocyte-
bearing bio-enhanced graft [60,68]. Therein, healthy human adult extensor tendon tissue
was sutured on both ends of 0.5-cm synthetic scaffold segments and then kept in culture
for several weeks [60]. Cell migration and proliferation from the tendon tissue onto the
scaffold were observed [60]. Overall, the original experimental in vitro data gathered in the
present study have demonstrated that FEO02 primary progenitor cells and patient primary
tenocytes could adhere to the Infinity-Lock 3 scaffold and that the local 3D environment
was also suitable for cell proliferation, migration, and ECM protein deposition (Figure 4).
Combined with the historical preclinical and clinical data available on the scaffold material
itself, a clear demonstration was laid down herein for the applicability of the bio-enhanced
graft in the intended clinical uses (Tables S7 and S8).

Of note, retrospective analyses and prospective investigations have highlighted several
risks associated with the use of the considered synthetic tapes, such as minimal acute inflam-
matory tissue reaction, transitory local irritation, allergic reaction and discomfort, or skin
breakdown due to prominent knots or fixation devices under the skin (Tables S7 and S8).
Such elements were interpreted as being coherent with the process of implanting a bio-
compatible material in the human body, where the considered material passively and
progressively undergoes encasement and colonization by the surrounding native tissues
and cellular components [4,6,9]. While the structural and topographical specificities of the
implanted device may play a role in the rate of colonization, it is known that suboptimal
integration may be characterized by tissue adhesions (i.e., incurring additional morbid-
ity) [14-17,22]. This bottleneck may be averted with the use of a silicone sheath during
surgical hand tendon or ligament reconstruction, to limit the occurrence of tissular adhe-
sions. Furthermore, based on the known behaviors of the polyester scaffold itself in vivo,
the considered use of biologically-enhanced constructs bears the potential of optimizing
colonization by native tissues and bio-integration, through “priming” of the synthetic
surfaces with FE002 primary progenitor tenocyte materials [60,75,76]. The objective of
such an approach consists in potentially diminishing the rate of tissular adhesions and the
need for secondary/corrective surgeries in the clinical setting. Overall, the existing body
of knowledge on the Infinity-Lock 3 scaffold, on the FE002 primary progenitor tenocytes,
and on the combination thereof enables to confirm and set forward the applicability of
the considered progenitor cell-bearing constructs in allogeneic cell-assisted hand ligament
regenerative medicine.

4.3. Current Translational Development of Cell Therapies for Tendon & Ligament
Repair/Regeneration: Alternative Tenocyte-Based Regenerative Medicine Protocols

While novel CAR-T cell therapies attract much of the attention in the current field
of oncology, somatic cell therapy is notably already effectively used at large scales in
orthopedics for the treatment of large cartilage defects. First-in-human autologous chon-
drocyte implantations (ACI) date back to 1994 with the original Brittberg studies and the
technique has incrementally evolved over time to optimize the cell delivery methods to the
chondral/osteochondral defect site [96]. Long-term studies are now available for ACI and
demonstrate the positive clinical outcomes of such regenerative strategies, encouraging the
development of similar technologies for the treatment of other musculoskeletal pathologies
and affections [97]. Namely, multiple therapeutic cell-based approaches (i.e., autologous
and allogeneic, cell-based and cell-free) have been investigated in vivo and at clinical levels
for tendon tissue regenerative medicine (Table S9) [2,3,12,13,98,99].
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For optimal contextualization of the allogeneic bioengineering solution investigated
herein (i.e., cytotherapeutic application of FE002 primary progenitor tenocytes) and compar-
ison to similar protocols in use at the clinical level, the autologous example of the Ortho-ATI
(Orthocell, Murdoch, Australia) technology is presented and discussed. Orthocell Ltd., an
Australian biotechnology company, transposed the accumulated knowledge around ACI to
the development of an autologous tenocyte injection (ATI) strategy. Autologous tenocyte
supplementation efficacy has firstly been demonstrated in rabbit models of acute and
chronic tendinopathy, in which autologous tenocytes were delivered through grafting of a
tenocyte-seeded biological scaffold (i.e., ACI Maix and Restore matrix) or through direct
cell injection, respectively, at the site of injury [100,101]. After 8 weeks, a clear improvement
in the healing process compared to the no cell treatment groups was observed. Specifically,
inflammation and angiogenesis were reduced, collagen I expression was increased, and
tendon fiber structure, arrangement, or ultimate load failure were improved [100,101]. The
therapeutic tenocytes also accelerated the scaffold absorption by the host and part of the
injected cells were still identified at the injured site at the end of the studies. These experi-
mental observations strongly suggested that tenocyte delivery enhanced the intrinsically
limited healing process of tendon tissues and could constitute a clinically potent treatment
in effective tendinopathy management [100,101].

The first long-term clinical study results were reported for the use of Ortho-ATI
in the treatment of chronic resistant lateral epicondylitis (LE) (i.e., clinical trial number
ACTRN12607000402448) [43,52]. Therein, 16 patients assessed as refractory to classical
non-surgical treatments were enrolled in the study. Patellar tendon biopsies were per-
formed under local anesthesia and the autologous tenocytes (i.e., starting cellular materials)
were isolated for expansion. The therapeutic cell lots (i.e., cellular active substance) were
validated through the analysis of a panel of CD markers (i.e., CD18, CD34, CD44, CD45,
CD90, CD106, CD46, and Stro-1) and the gene expression analysis of specific genes (i.e.,
ACAN, Col I, Col III, decorin, MAGP2, Mohawk, scleraxis, and TGF-f3). As concerns the
finished product, 4-10 x 10° cells were formulated with autologous human serum (aHS)
and injected under ultrasound guidance into the tendinopathic site [43,52]. At 4 weeks
post-surgery, the patients could resume sport activities. Lasting symptom improvements
were recorded after a mean follow-up time of 4.5 years. Therein, the VAS pain, QuickDASH,
and grip strength scores improved by 78%, 84%, and 132.6% respectively and no ossification
was observed at the elbow injection site [43,52].

The efficacy of Ortho-ATI does not seem limited to LE, as sustained improvements
of symptoms have also been recorded in rotator cuff repair (i.e., clinical trial number AC-
TRN12617000684325) and for gluteal tendinopathy [102]. Based on the currently available
data, the ATI therapeutic approach appears to provide a safe and effective way to provide
quick and lasting symptom improvements in patients who suffered for several months,
did not respond to classical treatments (e.g., PRP, corticosteroids), and eventually would
have to go through more invasive surgeries [100-102]. Similarly to ACI, the exact mecha-
nism of action of Ortho-ATI is unknown but most probably impacts multiple aspects of
tendinopathy (i.e., cellular integration and ECM synthesis, growth factor supply, inflam-
mation modulation), shifting the balance from a degenerative state to a regenerative state,
which is not possible with conventional treatments [100-102].

Considering the promising Ortho-ATI safety and efficacy results, development of
the next generation of tenocyte-based cell therapies using an allogeneic clinical grade
cell source (e.g., FE002 progenitor cell sources) can tangibly be envisioned [39,100,101].
Allogeneic cell sources (e.g., stem and progenitor cells) have been previously proposed
by several authors for musculoskeletal tissue engineering and for the optimal restoration
promotion of tendons in particular [103-106]. Specific focus was set on the therapeutic con-
tributions of ECM components, given their strong implications in specific tissular healing
processes [107-113]. As concerns the specific use of the FE002 primary progenitor tenocyte
source of interest for tendon and ligament regenerative medicine, several formulation
approaches and bioengineering concepts have previously been reported (e.g., injectable
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cellular hydrogel suspension, cell seeding of decellularized equine tendons, use in bio-
fabrication settings) [39,54,56-58]. Generally, FE002 primary progenitor tenocytes have
been extensively studied and have demonstrated the potential of becoming a standardized
cell source for tendon and ligament disorder treatment [39,71]. Specifically, FE002 primary
progenitor tenocytes are stable and pre-terminally differentiated cells, the safety profile
shows low risks (i.e., no anchorage-independent cell growth potential, limited lifespan
in culture, low telomerase activity), and extensive cryopreserved lots of cellular active
substance can be established and validated (Table S1) [39]. Thereafter, FE0O02 primary
progenitor tenocytes were shown to be compatible with hyaluronic acid formulations,
remained viable after extrusion through syringes, can be lyophilized, and can be seeded
onto biological and synthetic scaffolds (Figure 4) [19,39,54,56-58]. Such approaches have
confirmed the high versatility of FE0O02 primary progenitor tenocytes for novel allogeneic
cell-based and cell-containing therapies in a number of clinical indications (i.e., with adapt-
ing of the synthetic scaffold nature/shape/size and the surgical protocol) [39,56]. This
versatility opens a multitude of options for the development of new allogeneic cell-based
therapeutic products tailored to specific musculoskeletal pathologies.

4.4. Study Limitations and Future Perspectives

Several limitations have been identified within this study. From a first technical view-
point, the finished product conditioning and transport medium still needs to be specified
and validated, while allowing for conservation of critical quality attributes for the entire
finished product validity period. Based on parallel research, the product transport medium
may be constituted by a hyaluronan-based hydrogel or an autologous serum-based saline
solution with appropriate supplements [54,71]. From a second technical viewpoint, upscal-
ing of the manufacturing protocol to whole Infinity-Lock 3 scaffolds shall be performed, in
order to obtain clinically usable constructs of appropriate dimensions, based on the surgical
needs and clinical demands (i.e., excess product length manufacture, Figure 5) [114-118].
While the scale of cell seeding and construct incubation may be different using whole
Infinity-Lock 3 scaffolds, the extent of process validation studies performed using 1-cm
scaffold subunits enables to robustly predict construct behavior in vitro. Specifically, appro-
priate methodological elements shall be used for the evaluation of the impact of changes in
the cytotherapeutic product manufacturing process (e.g., ICH Q5E methodology). From a
third technical viewpoint, further development and full validation of the control assays
described in the present study shall be performed, specifically as concerns efficacy-related
parameters. These aspects are however of prime importance only at later stages of clinical
investigational use, according to applicable guidance documents (e.g., Potency Tests for
Cellular and Gene Therapy Products) [119].

Future perspectives based on this study consist in the further translational qualification
and investigational work around the FE002 primary progenitor tenocytes of cytotherapeu-
tic interest (i.e., primarily in regenerative medicine applications for the hand, e.g., acute
sharp force trauma or degenerative pathologies) [120]. Based on the fact that the FE002
primary progenitor tenocyte cellular active substance has been characterized and qualified
using multiple safety-related assays and that in vivo cellular implantation has already been
performed in a rabbit GLP study, the next steps of the planned translational work comprise
a first-in-man clinical trial [39]. As previously mentioned, the present study sets forth
important functionality-related parameters for the FEO02 primary progenitor tenocytes
(e.g., ECM component synthesis and deposition in 3D culture), contributing to the qualifi-
cation of such primary allogeneic cells for alternative tissue engineering applications [121].
Specifically, diversification of the clinical indications for products containing such FE002
cells comprise the original protocols set forth by the authors for this cell source, namely
the use of cellular hydrogel suspensions for intra-tendinous or peritendinous injection
treatment of tendinopathies/tendinosis [39,56]. This approach, technically simplified as
compared to the tissue engineering protocol using the synthetic Infinity-Lock 3 scaffold,
may represent an optimized solution for overall cost management and for widespread
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clinical applicability, similarly to the well-known autologous ultrasound-guided use of
PRP for tendinopathies in sports medicine [47,56].

5. Conclusions

The aim of the present study was to establish novel tissue engineering and surgical
proofs-of-concept for a bio-enhanced artificial Neoligaments graft bearing cultured viable
allogeneic FE002 primary progenitor tenocytes (i.e., clinical grade standardized cellular ac-
tive substance). In vitro studies confirmed that the progenitor cell-seeded constructs could
be obtained using optimized and GMP-transposable processes and were characterized by
good quality and functionality-related parameters/attributes. The results of the study have
notably shown that FE002 primary progenitor tenocytes were capable of cellular adhesion,
proliferation, and homogeneous tendon ECM component synthesis/deposition throughout
the Infinity-Lock 3 scaffold, with progressive and structurally-organized biological coating
of the synthetic fibers. Ex vivo cadaveric work confirmed that the Infinity-Lock 3 constructs
could be clinically applied in two indications of cell-assisted hand surgery (i.e., ligamento-
suspension plasty after trapeziectomy and thumb metacarpo-phalangeal ulnar collateral
ligamentoplasty). These original data were analyzed and discussed in light of the known
behaviors of the synthetic Neoligaments scaffolds following in vivo implantation and of
existing clinical practices using cultured autologous tenocytes for bioengineering and cell
therapies (e.g., Ortho-ATI). Generally, specific discussion points about the available body
of knowledge for the allogeneic FE002 progenitor cellular source and about the retained
synthetic scaffold materials enabled the comprehensive assessment and general mitigation
of the risks associated with the presented novel tissue engineering solution. Overall, this
study enabled to set forth important proofs-of-concept for the translational development of
an allogeneic tissue engineering protocol for hand ligament regenerative medicine, in view
of further investigative clinical work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics15071873/s1, Figure S1A: General study design
overview; Figure S1B: Illustrated study design phases; Figure S2: Results of in vitro cellular adhesion
assays; Figure S3: Results of 3-galactosidase staining assays; Figure S4: Results of Live-Dead assays
for primary tenocytes on synthetic Infinity-Lock 3 scaffolds; Figure S5: Results of immunofluores-
cence assays for FE002 primary progenitor tenocytes on synthetic Infinity-Lock 3 scaffolds; Figure S6:
Results of immunofluorescence assays for primary patient tenocytes on synthetic Infinity-Lock 3
scaffolds; Figure S7: Results of MTT-based cytocompatibility assays for primary patient tenocytes
on synthetic Infinity-Lock 3 scaffolds; Figure S8: Whole gel imaging for collagen I Western blot
analyses; Figure S9: Whole gel imaging for decorin Western blot analyses; Figure S10: Experimental
model for the description of functionality-related attributes of FE002 primary progenitor tenocytes
on synthetic Infinity-Lock 3 scaffolds; Figure S11: Results of Live-Dead assays for the assessment of
the impact of cell-seeded construct processing; Figure S12: Results of immunofluorescence assays
for the assessment of the impact of cell-seeded construct processing; Figure S13: Parametric and
controlled manufacturing process established for the FEO02 primary progenitor tenocyte cellular
active substance; Figure S14: Parametric and controlled manufacturing process established for the
cell-seeded constructs; Figure S15: Results of Live-Dead assays for the validation of the optimized
construct manufacturing protocol; Figure S16: Results of Live-Dead assays for the validation of the
optimized construct manufacturing protocol; Figure S17: Results of immunofluorescence assays for
the validation of the optimized construct manufacturing protocol; Figure S18: Results immunoflu-
orescence assays for the validation of the optimized construct manufacturing protocol; Table S1:
Results of the telomerase activity quantification study; Table S2: Listing of CPP /KPP for cellular
active substance manufacture; Table S3: Listing of CPP/KPP for finished product manufacture;
Table S4: Listing of CQA/KQA for the cellular active substance; Table S5: Listing of CQA /KQA for
the finished product; Table S6: Listing of available preclinical in vivo data on the synthetic constructs;
Table S7: Listing of the available in vivo clinical data on the synthetic constructs; Table S8: Listing of
post-market clinical follow-up studies performed on the synthetic constructs; Table S9: Summarized
listing of human clinical trials using therapeutic cell-based products/therapies for tendon repair
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and regenerative medicine; Video A: Illustration for damaged UCL distal suture testing; Video B:
Illustration for damaged UCL complete suture testing.
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Abbreviations

ACL anterior cruciate ligament

ADRC adipose-derived regenerative cells
APL abductor pollicis longus

ASC adipose-derived stem cells

BCA bicinchoninic acid

BM-MSC bone marrow-derived mesenchymal stem cells
BSA bovine serum albumin

CAM chorioallantoic membrane model
cATMP combined advanced therapy medicinal product
CE European conformity certification
CHUV centre hospitalier universitaire vaudois
CPP critical process parameter

CQA critical quality attribute

CT cycle threshold

DMEM Dulbecco’s modified Eagle medium
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DIT dithiothreitol

ECL electrochemiluminescence

ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay
EPB extensor pollicis brevis

EU European Union

EU endotoxin unit

FACS fluorescence-activated cell sorting
FASP filter-aided sample preparation

FBS fetal bovine serum

FC fold change

FCR flexor carpi radialis

FDR false discovery rate

FE002 clinical grade primary progenitor cell sources
GLP good laboratory practices

GMP good manufacturing practices

HA hyaluronic acid

HRP horseradish peroxidase

IPC in-process control

kDa kiloDaltons

kGy kiloGray

KPP key process parameter

KQA key quality attribute

LC-MS/MS  liquid chromatography tandem mass spectrometry
LE lateral epicondylitis

MCB master cell bank

MD medical device

MoA mechanism of action

MOPS 3-(N-Morpholino)propanesulfonic acid
MRI magnetic resonance imaging

MSC mesenchymal stem cell

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NA not applicable

NAT nucleic acid amplification technique
OD optical density
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PAF paraformaldehyde

PBS phosphate-buffered saline

PCB parental cell bank

PDGEF-BB  platelet-derived growth factor-BB
Ph. Eur. European Pharmacopoeia

PMSF phenylmethanesulfonyl fluoride
PPC post-process control

PRP platelet-rich plasma

PTRCT partial-thickness rotator cuff tears
QA quality assurance

QC quality control

qPCR quantitative polymerase chain reaction
RH relative humidity

RIPA radio-immunoprecipitation assay
SDS sodium dodecyl sulfate

TrSt standardized transplant

UCL ulnar collateral ligament

UK United Kingdom

USA United States of America

UVEC umbilical vein endothelial cell

Vs VS.

WCB working cell bank
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Abstract: Cytotherapies are often necessary for the management of symptomatic large knee (osteo)-
chondral defects. While autologous chondrocyte implantation (ACI) has been clinically used for
30 years, allogeneic cells (clinical-grade FE002 primary chondroprogenitors) have been investigated
in translational settings (Swiss progenitor cell transplantation program). The aim of this study was to
comparatively assess autologous and allogeneic approaches (quality, safety, functional attributes)
to cell-based knee chondrotherapies developed for clinical use. Protocol benchmarking from a
manufacturing process and control viewpoint enabled us to highlight the respective advantages and
risks. Safety data (telomerase and soft agarose colony formation assays, high passage cell senescence)
and risk analyses were reported for the allogeneic FE002 cellular active substance in preparation
for an autologous to allogeneic clinical protocol transposition. Validation results on autologous
bioengineered grafts (autologous chondrocyte-bearing Chondro-Gide scaffolds) confirmed significant
chondrogenic induction (COL2 and ACAN upregulation, extracellular matrix synthesis) after 2
weeks of co-culture. Allogeneic grafts (bearing FE002 primary chondroprogenitors) displayed
comparable endpoint quality and functionality attributes. Parameters of translational relevance
(transport medium, finished product suturability) were validated for the allogeneic protocol. Notably,
the process-based benchmarking of both approaches highlighted the key advantages of allogeneic
FE002 cell-bearing grafts (reduced cellular variability, enhanced process standardization, rationalized
logistical and clinical pathways). Overall, this study built on our robust knowledge and local
experience with ACI (long-term safety and efficacy), setting an appropriate standard for further
clinical investigations into allogeneic progenitor cell-based orthopedic protocols.
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1. Introduction

Patients presenting symptomatic large knee cartilage lesions often report pain, swelling,
joint locking, stiffness, and clicking [1-4]. The resulting functional impairments often
negatively impact daily life activities, and untreated cartilage lesions predispose for os-
teoarthritis (OA) [4-6]. Therefore, early treatment for the restoration of cartilage structure
and function could lead to measurable benefits for patient quality of life and tangibly
limit the progression of OA [4,6]. However, articular cartilage is characterized by poor
self-healing potential due to low vascularity and a limited supply of adjacent cells able to
migrate to the lesion and mediate a healing response [2,3,6]. Therefore, various therapeutic
approaches have been developed for the treatment of moderate knee chondropathies, such
as microfracture (MFx) or osteochondral autografts and allografts, yet their use and efficacy
are limited by the lesion type, size, and grade [7-14]. Importantly, the onset of severe OA
often leads to the need to replace the arthritic surface with a synthetic prosthesis. While
this approach is the current standard in older sedentary patients, it is less desirable for
active and young patients [4,6].

From a specific cytotherapeutic viewpoint, Brittberg et al. have reported autologous
chondrocyte implantation (ACI) clinical protocols for articular cartilage defect treatment
since 1994 [3,7,8,15-18]. Applications of cultured autologous chondrocytes aim to pro-
mote the restauration of hyaline cartilage, providing the structural and biomechanical
properties required to sustain normal joint load-bearing and function [1,2,7,11]. Despite
documented inhomogeneity in cell therapy manufacturing processes and surgical ap-
proaches, the accumulated evidence points toward a beneficial effect of ACI over MFx
in the medium and long term [5,9,16,18-26]. Since the initial reports on ACI, thousands
of patients have been successfully treated, and the technique has evolved to further im-
prove clinical outcomes [8,14,27-31]. Specifically, third-generation ACI involves the use
of a synthetic scaffold /matrix for autologous graft bioengineering before surgical implan-
tation [11,12,21,24,26,31-37]. This approach involves less invasive surgical procedures,
and modern synthetic scaffolds are less fragile than the periosteal flaps used in previous
ACI generations [2,8,38—40]. In addition to improved therapeutic cell localization, the 3D
scaffold-based co-culture step induces internal re-differentiation and the expression of
specific chondrogenic genes such as COL2 and ACAN [31,41-47].

Whilst ACI has been clinically investigated for three decades and yielded significant bene-
ficial results, the technique is scarcely implanted, mainly due to limited good manufacturing
practice (GMP)-compliant production capabilities [4,48]. Therefore, building on our in-house
translational experience regarding second-generation ACI (i.e., NCT04296487 clinical trial), a
local multi-centric clinical study was approved for third-generation ACI (i.e., NCT05651997
clinical trial) [8,11,12,26,3548]. Specifically, the studied autologous chondral graft is indicated
for large ICRS grade III or IV localized and symptomatic knee cartilage lesions [4,48]. Parallelly
to this autologous approach, multifaceted translational work was carried out under the Swiss
progenitor cell transplantation program for the eventual cytotherapeutic use of allogeneic pri-
mary chondroprogenitors (i.e., FE002 clinical-grade cells) in human orthopedics [49-54]. Given
that both tissue engineering approaches share technical, clinical, and regulatory similarities,
both options are currently being locally investigated [48,50].

Generally, various therapeutic cell sources (e.g., mesenchymal stem cells, infant polydactyly
chondrocytes, genetically engineered cells) were considered up to the clinical investigation
and post-market follow-up (FU) stages of cartilage regenerative medicine [10,11,33,55-64].
Importantly, FE002 primary chondroprogenitors have been established as a standardized
clinical-grade cell source and preclinically qualified for tissue engineering purposes [49-53].
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Ten years of multicentric translational research and their good safety profile have validated the
robustness and versatility of FE002 progenitor cells for industrial cytotherapeutic formulation in
cartilage tissue engineering [50-53]. Specifically, clinical-grade FE002 cell source establishment
and upscaled cell manufacturing optimization have validated their adequation with standard
industrial biotechnology and biobanking workflows [50]. Importantly, the technical aspects of
manufacturing and clinical safety risk analyses regarding FE002 primary chondroprogenitors
were based on the international clinical uses of alternative FEO02 progenitor cell sources [65].
Overall, several advantages were outlined regarding the considered cytotherapeutic use of
FE002 primary chondroprogenitors over autologous chondrocytes, such as reduced operative
burdens and optimized serial bioengineered graft manufacturing possibilities [50].

Therefore, the objective of this study was to comparatively assess the autologous and
allogeneic approaches to large knee (osteo)-chondral defect cytotherapeutic management
that have been locally developed for clinical application. The translational significance
of this work lies in the use of a regulatorily validated autologous somatic cell therapy
protocol as the baseline for benchmarking with a novel allogeneic approach valorizing a
clinical-grade allogeneic FE002 progenitor cell source. Our specific areas of experimental
focus included the comparative translational qualification and validation of combined
cytotherapeutic product quality, safety, and functional attributes. The benchmarking of
both protocols for chondral graft preparation from a manufacturing process and control
viewpoint enabled us to discuss the respective opportunities, advantages, and risks of each
approach. Overall, this study set forth the robust research and local clinical experience
reported with respect to ACI for large knee (osteo)-chondral defects. By extension, this work
also enabled the authors to establish an appropriate continuum for further local clinical
investigations into cell-based orthopedic protocols, with a specific focus on autologous to
allogeneic approach transposition.

2. Materials and Methods
2.1. Reagents and Consumables Used for the Study

The reagents and consumables were as follows: purified water (Bichsel, Unterseen,
Switzerland); DMEM cell culture medium, L-glutamine, TrypLE, Opti-MEM, penicillin-
streptomycin, dexamethasone, TRIzol, BCA assay kits, NuPAGE Bis-Tris 4-12% protein
gels, MOPS bulffer, loading buffer, DTT, gel migration buffer antioxidant, page ruler protein
ladder, MTT, 3-mercaptoethanol, PMSF, microAmp fast 96-well reaction plates, optical
adhesive covers, and 96-well PCR plates (Thermo Fisher Scientific, Waltham, MA, USA); C-
Chip Neubauer hemocytometers (NanoEntek, Seoul, Republic of Korea); KAPA SYBR Fast
(Roche, Basel, Switzerland); PrimeScript RT reagent kits (Takara Bio, San Jose, CA, USA);
X-gal powder (Chemie Brunschwig, Basel, Switzerland); HAM’s F12 nutrient mix and
papain (Sigma Aldrich, Buchs, Switzerland); Millipore Stericup, Trypan Blue, FBS, VitCp,
sodium acetate, EDTA, low-melting point agarose, and cysteine HCI (Merck, Darmstadt,
Germany); HPL (Sexton Biotechnologies, Indianapolis, IN, USA); human insulin (Novo
Nordisk, Bagsveerd, Danemark); ascorbic acid (Streuli Pharma, Uznach, Switzerland); ITS
100x (PAN-Biotech, Aidenbach, Germany); cell culture vessels, assay tubes, and plastic
assay surfaces (Greiner BioOne, Frickenhausen, Germany; Corning, Corning, NY, USA; TPP,
Trasadingen, Switzerland); TGF-$1 and TGEF-33 (PeproTech, London, UK); Chondro-Gide
membranes (Geistlich Pharma, Wolhusen, Switzerland); Hyalograft membranes (Anika
Therapeutics, Bedford, MA, USA); Blyscan-sulfated glycosaminoglycan assay kits (BioColor,
Carrickfergus, UK); telomerase activity quantification qPCR assay kits (ScienCell, Carlsbad,
CA, USA); Monosyn 6/0 suture kits (B. Braun, Melsungen, Germany).

2.2. Instruments and Equipment Used for the Study

Component weighing was performed using a laboratory scale (Ohaus, Parsippany,
NJ, USA). Sample centrifugation was performed using a Rotina 420R centrifuge (Hettich,
Tuttlingen, Germany) or on a Sorvall Legend Micro 21R microcentrifuge (Thermo Fisher
Scientific, Waltham, MA, USA). Colorimetric and luminescence measurements were taken
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using a Varioskan LUX multimode plate reader (Thermo Fisher Scientific, Waltham, MA,
USA). Telomerase activity and chondrogenic gene expression quantification assays were
run on a StepOne Real-time PCR System instrument (Thermo Fisher Scientific, Waltham,
MA, USA). Spectrophotometric analyses were performed using a NanoDrop instrument
(Thermo Fisher Scientific, Waltham, MA, USA). Immunohistochemistry imaging was
performed using an inverted IX81 fluorescence microscope (Olympus, Tokyo, Japan).

2.3. Ethical Compliance of the Study and Regulatory Approval of Investigative
Cytotherapeutic Protocols

This study was performed using autologous biological materials (patient primary artic-
ular chondrocytes) gathered in the context of an authorized clinical trial (www.ClinicalTrials.
gov, accessed on 4 August 2023, identifier NCT04296487, “Introduction of ACI for Cartilage
Repair”, Lausanne, Switzerland) and/or included in the Biobank of the Department of
Musculoskeletal Medicine in the Lausanne University Hospital [48]. Appropriate data
security protocols were followed during the study. The described biological materials
were used within the registration process of a second clinical trial (NCT05651997, “Study
Comparing Two Methods for the Treatment of Large Chondral and Osteochondral Defects
of the Knee”, Lausanne and Fribourg, Switzerland). The second clinical trial was approved
by the local cantonal ethics committee (Vaud Cantonal Ethics Committee, CER-VD autho-
rization N°2020-01707). The corresponding clinical trial was registered following federal
authorization by Swissmedic (authorization N°2021TpP2004).

The allogeneic FE002 primary chondroprogenitor cell source used in the study (the
clinical-grade FE002 progenitor cell source) was established from a registered organ do-
nation, as approved by the Vaud Cantonal Ethics Committee (Ethics Committee Protocol
N°62/07). The FE002 organ donation was registered under a federal cell transplantation
program (the Swiss progenitor cell transplantation program) [50]. Full material traceability
was ensured during the study.

2.4. Autologous Primary Chondrocyte Sourcing and Chondrogenic Cellular Active Substance
Lot Manufacturing

The clinical-grade autologous primary chondrocytes (human articular chondrocytes
[HAC] from orthopedic patients) used for the study consisted of banked human diploid
cells. Cell type establishment was performed following cartilage biopsy procurement by
the Orthopedics and Traumatology Service of the Lausanne University Hospital (Lausanne,
Switzerland). The cryopreserved HACs were obtained from the biobank of the Department
of Musculoskeletal Medicine in the Lausanne University Hospital. Patient-specific primary
cell type establishment was performed in-house as described previously [48]. The HACs
were manufactured using serial in vitro cellular expansions and were used in the present
study at passage levels 3—4.

Briefly, the harvested healthy cartilage biopsies were rinsed, manually fragmented,
and enzymatically treated (using pronase/collagenase) for HAC isolation. Following
sample filtration on a cell sieve, the cell suspensions were expanded in vitro using human
platelet lysate (HPL)-enriched culture medium (DMEM-HAM'’s F12 base). After 1-2 cell
passage procedures, the expanded HACs were formulated for cryopreservation and stored
until further use [48]. The described processes were approved by the relevant health
authorities in the framework of a clinical trial (NCT04296487).

2.5. Allogeneic FE002 Primary Chondroprogenitor Sourcing and Chondrogenic Cellular Active
Substance Lot Manufacturing

The FE002 primary chondroprogenitor cell source used for the study consisted of
banked primary human diploid cells from a clinical-grade source, as previously de-
scribed [50]. The considered FE002 primary progenitor cells were procured and produced
under the Swiss progenitor cell transplantation program and were made available as cryop-
reserved stocks. The FE002 primary chondroprogenitors were manufactured using a serial
in vitro cellular expansion workflow and were used in the study at in vitro passages 6-7.
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Briefly, the cryopreserved cell vials were used as cellular seeding materials for in vitro
monolayer expansions. Following thawing, the cells were cultured in fetal bovine serum
(FBS)-enriched or HPL-enriched cell culture medium (DMEM base). Following the in vitro
monolayer expansion phase, the expanded cells were formulated for cryopreservation and
stored until further use [50].

2.6. FE002 Primary Chondroprogenitor Cellular Active Substance Characterization Assays

Extensive characterization and qualification work was already reported for the con-
sidered clinical-grade FE002 primary chondroprogenitors [49-53]. Specifically, the cellular
active substance quality-related attributes and technical specifications for industrial scale
cell bank manufacture had already been published [50]. Additionally, several in vivo
studies have been performed on bioengineered product prototypes bearing viable allo-
geneic FE002 primary chondroprogenitors, confirming their safety and functionality in the
retained setups [49-53]. Therefore, primarily based on a gap analysis of the safety charac-
terization of FE002 primary chondroprogenitors, several in vitro assays were conducted
for this study to further confirm their applicability in a translational setting.

2.6.1. Allogeneic FE002 Cellular Active Substance Characterization: Cell Expansion
Medium Selection

The previously reported work on FE002 primary chondroprogenitors was performed using
FBS-supplemented cell proliferation medium [50]. In order to investigate whether alternative
cell proliferation media could be used while maintaining cellular quality attributes, comparative
proliferation assays were performed. Firstly, three different cell proliferation media (10% FBS in
DMEM; 5% HPL in DMEM,; Brittberg medium) and two different cell culture surfaces were used
to assess the robustness of FEO02 primary chondroprogenitors in culture. The Brittberg medium
was composed of DMEM-HAM'’s F12 (1:1) with 2 mM L-glutamine and 25 pg/mL ascorbic
acid. Culture vessel incubation was performed in humidified incubators under 5% CO; at 37
°C, and the cell proliferation medium was exchanged twice weekly. Operator assessments were
performed regularly and recorded. Secondly, quantitative proliferation assays were performed
using various HPL concentrations with a 10% FBS control, and the corresponding growth curves
were recorded.

2.6.2. Allogeneic FE002 Cellular Active Substance Characterization: Multiplex
Proteomic Analyses

Soluble protein quantification was performed for the cellular materials of interest
using specific multiplex analyses (Eve Technologies, Calgary, AB, Canada). The analyses
(Discovery Assays) comprised the human angiogenesis array and growth factor 17-plex
array, the human cytokine/chemokine 65-plex panel, the human-soluble cytokine receptor
14-plex array, the human MMP (matrix metalloproteinases) and TIMP (tissue inhibitors
of metalloproteinases) panel for cell cultures, the cytokine TGF-f (transforming growth
factor-f3) 3-plex array, and the HFNFS-04 array. Briefly, the samples were prepared using
bulk FE002 primary chondroprogenitor lysate with 107 cell equivalents/mL. The samples
were centrifuged at 13,000 rpm at 4 °C for 5 min. The resulting supernatants were frozen
and shipped on dry ice for proteomic analyses. Simultaneously, the total protein contents
of the samples were determined using colorimetric BCA assay kits and following the
manufacturer’s instructions.

2.6.3. Allogeneic FE002 Cellular Active Substance Qualification: 3-Galactosidase Staining
for In Vitro Senescence Assessment

An in vitro 3-galactosidase assay (i.e., cellular senescence marker) was performed to
confirm that FE002 primary chondroprogenitors did not yet reach senescence in culture
at a passage level superior to that used in the allogeneic chondral grafts (i.e., passages
7-8). Briefly, FEO02 primary chondroprogenitors were seeded in T25 cell culture flasks
at 1.5 x 10 cells/cm? and expanded until they reached 70% confluency. Culture vessel
incubation was performed in humidified incubators under 5% CO, at 37 °C, and the cell
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proliferation medium was exchanged twice weekly. The cells were then fixed for 5 min in
10 mL of fixation solution containing 1.85% formaldehyde with 0.2% glutaraldehyde. The
cells were then rinsed twice using PBS. The cells were stained overnight at 37 °C with a
SA-B-gal staining solution consisting of 0.1% X-gal, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl, in a 40 mM citric acid/sodium
phosphate solution at pH 6.0. The cells were washed twice with PBS and once with
DMSO to remove the staining solution. The presence of 3-galactosidase-positive (i.e., blue
staining) cells was observed microscopically using 40x and 100 x magnification. Random
field acquisition was performed using the same microscopy setup, and the obtained images
were used for 3-galactosidase-positive cell operator enumeration.

2.6.4. Allogeneic FE002 Cellular Active Substance Qualification: Telomerase Activity
Quantification for In Vitro Tumorigenicity Assessment

An in vitro telomerase assay was performed using a qPCR telomerase activity quantifi-
cation kit to confirm the non-tumorigenic potential of FE002 primary chondroprogenitors.
Telomerase activity quantification was performed using frozen cellular dry pellets. HeLa and
HCT-116 cancerous cell lines were used as positive controls. For sample preparation, cell lysis
was performed using 20 pL of lysis buffer (supplemented with PMSF and (3-mercaptoethanol)
per 10° cells before a 30 min incubation phase on ice. The samples were centrifuged at 12,000 x
g at4 °C for 20 min. The supernatants were transferred to new Eppendorf tubes. For telom-
erase activity detection, 0.5 puL of sample, 4 1L of 5x telomerase reaction buffer, and 15.5 pL of
nuclease-free water were mixed and incubated at 37 °C for 3 h. The reaction was quenched by
heating the samples at 85 °C for 10 min. The samples were centrifuged at 1500 g for 10 s and
stored on ice. The qPCR reactions were prepared in triplicate by mixing 1 uL of the prepared
sample, 2 pL of primers, 10 pL of TaqgGreen qPCR master mix, and 7 pL of nuclease-free
water. The qPCR plates were sealed and centrifuged at 1500 x g at ambient temperature for
15 s. The gPCR run conditions included an initial denaturation step of 10 min at 95 °C and
36 amplification cycles (i.e., denaturation over 20 s at 95 °C, annealing for over 20 s at 52 °C,
and extension for over 45 s at 72 °C). Samples with a cycle threshold (Ct) > 33 were assessed
as negative. The relative telomerase activity quantification between two samples was based
on the 274¢t calculation method.

2.6.5. Allogeneic FE002 Cellular Active Substance Qualification: Soft Agarose Colony
Formation Assay for In Vitro Semi-Quantitative Tumorigenicity Assessment

A standard soft agarose cell colony formation assay (cell transformation assay) was
used to assess the potential of FEO02 primary chondroprogenitors to proliferate in non-
adherent settings. The assays were performed in 24-well microplates. The solid agarose
layer (i.e., the bottom layer) was composed of 0.6% agarose in PBS- and FBS-supplemented
growth medium with 1% penicillin-streptomycin. The soft agarose layer (i.e., the top layer)
was composed of 0.4% agarose and contained the investigated cellular materials (i.e., 125 vi-
able cells/well to 10* viable cells/well). Both agarose layers were sequentially prepared
and of equal volumes. The tested cellular samples were FE002 primary chondroprogenitors
that had been freshly harvested from confluent cultures. Positive control samples contained
HeLa cancerous cells freshly harvested from confluent cultures. FBS-supplemented growth
medium with 1% penicillin-streptomycin was added on top of the soft agarose layer, and
the assay plates were incubated at 37 °C under 5% CO; in a humidified incubator for
21 days. The plates were regularly microscopically assessed, and representative imaging
was performed to comparatively assess the formation of non-adherent cell colonies.

2.7. Cytotherapeutic Finished Product Manufacturing Process: Chondrogenic Induction of
Cell-Bearing Chondro-Gide Constructs

Autologous and allogeneic cellular active substance lots were used to seed Chondro-
Gide scaffolds, which were incubated under chemical chondrogenic induction (i.e., two
weeks of incubation). Technical specificities characterized each protocol (e.g., cellular active
substance, chondrogenic induction medium composition). Overall, most of the parameters
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and technical specifications of the autologous and allogeneic protocols were similar, and any
specific variations or differences were analyzed according to quality, functional attributes,
and risk viewpoints. While maximal finished product dimensions correspond to 20 cm?
(i.e., 4 cm x 5 cm Chondro-Gide), smaller finished product units were experimentally
investigated for sparing material use.

2.7.1. Autologous Chondrocyte-Bearing Graft Manufacturing Process

Autologous chondrocytes were expanded in vitro before scaffold seeding. Chondro-
Gide subunits with 1 cm x 1 cm dimensions were placed rough side up in 12-well plates
and soaked with HPL for 1 h. Then, the seeding cell suspension (i.e., autologous cellular
active substance in cell proliferation medium, passages 3—4, final cellular concentration of
2 x 10° cells/cm? scaffold) was homogeneously dispensed on the scaffold. The plates were
incubated overnight at 37 °C under 5% CO; in a humidified incubator. Residual seeding
cell suspension was used for cell recovery controls. Then, volumes of 1 mL of autologous
chondrogenic medium (i.e., DMEM-HAM'’s F12 [1:1]; HPL 10%; L-glutamine; ascorbic
acid 0.025 mg/mL; TGF-B1 10 ng/mL; ITS 1x; dexamethasone 10~7 M) were dispensed in
each well, and the plates were incubated again. The cell-seeded scaffolds were maintained
under chondrogenic induction for 16 & 4 days, and medium exchanges were performed
twice weekly. The constructs were finally rinsed thrice via immersion in warm PBS and
were made available for further in vitro studies. The described processes were approved
by the relevant health authorities in the framework of a clinical trial (i.e., NCT05651997).

2.7.2. Allogeneic FE002 Chondroprogenitor-Bearing Graft Manufacturing Process

Cryopreserved FE002 primary chondroprogenitors were thawed and directly used
for scaffold seeding. Chondro-Gide subunits (0.5-1 cm x 1 cm dimensions) were placed
rough side up in 12-well plates, and the seeding cell suspension (i.e., allogeneic cellular
active substance in cell proliferation medium, passage 6, final cellular concentration of
2 x 10° cells/cm? scaffold) was homogeneously dispensed on the scaffold. The plates
were incubated overnight at 37 °C under 5% CO; in a humidified incubator. Residual
seeding cell suspension was used for cell recovery controls. The cell-seeded constructs
were covered with 1 mL of allogeneic chondrogenic medium (i.e., high-glucose DMEM,;
2 mM L-glutamine; ITS 1x; 10 nM dexamethasone; 10 ng/mL TGF-£33; 82 pug/mL VitCp).
The cell-seeded scaffolds were maintained under chondrogenic induction for 15-18 days,
and medium exchanges were performed thrice weekly. Macroscopic evaluation of the
constructs was regularly performed over the course of the chondrogenic incubation phase.
The constructs were finally rinsed thrice via immersion in warm PBS and were made
available for further in vitro studies. To investigate the impact of scaffold size on the
manufacturing process and endpoint functional attributes of the allogeneic finished product,
5 cm? Chondro-Gide subunits were subsequently used for process validation.

2.8. Cytotherapeutic Finished Product Controls: Functional Validation

To comparatively assess the quality- and functionality-related attributes of the finished
products (i.e., the autologous and allogeneic grafts), several in-process controls (IPC) and
post-process controls (PPC) were performed. Specifically, cellular distribution throughout
the constructs and cellular metabolic activity maintenance were assessed. Specific function-
ality parameters such as chondrogenic gene induction in 3D and ECM synthesis/deposition
throughout the constructs were also assessed.

2.8.1. MTT Staining for Assessing Metabolic Activity and Cell Distribution throughout
the Constructs

An MTT assay was used to assess the endpoint cellular metabolic activity and cellular
distribution throughout the Chondro-Gide scaffolds after incubation. Specifically, the MTT
assay was used to confirm the adherence of the cells to the scaffold, the maintenance of
cellular metabolic activity within the scaffold, and the quality of cellular colonization of
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the scaffold (i.e., the homogeneous repartition of the cells on the available surfaces). For
endpoint analysis, the constructs were incubated at 37 °C for 2 h in a 5 mg/mL MTT
solution. Following the rinsing of the constructs, photographic imaging was performed.

2.8.2. Evaluation of Chondrogenic Gene Induction in the Constructs via RT-PCR

At various timepoints of the in vitro chondrogenic induction phase, the constructs
were harvested and frozen at —80 °C for subsequent RNA extraction and gene expression
analysis. The constructs were then mechanically disrupted in liquid nitrogen. The resulting
powder was transferred to Eppendorf tubes containing TRIzol, and RNA extraction was
performed according to the manufacturer’s protocol. RNA purity and concentration were
quantified via spectrophotometry. Reverse transcription into cDNA was performed using
1 pug of RNA in a final volume of 20 uL using a PrimeScript RT reagent kit according to the
manufacturer’s protocol. The reverse transcription cycle conditions were as follows: 37
°C for 15 min and 85 °C for 5 s. A real-time polymerase chain reaction (RT-PCR) was then
performed in 96-well microplates. The reaction was performed using 1 uL of cDNA for a
final volume of 20 pL using the KAPA SYBR Fast according to the manufacturer’s protocol.
Fluorescence was acquired using the following cycling conditions: 95 °C for 3 min (i.e.,
enzyme activation) and 40 amplification cycles (i.e., 95 °C for 3 s and annealing extension
at 60 °C for 30 s). Each sample was run in triplicate, and the relative expression level for
each gene was normalized to GAPDH. Gene expression levels (for Sox9, COL2, and ACAN)
were quantified using the 2744t calculation method, as described elsewhere [66].

2.8.3. DMMB Quantification for Assessment of ECM Synthesis and Deposition throughout
the Constructs

The quantification of total glycosaminoglycans (GAG) in the cell-seeded constructs
was performed using a DMMB kit according to the manufacturer’s protocol. Briefly, the
constructs were harvested, washed once with PBS, weighed, and stored at —80 °C until
further use. For the analysis, the samples were cut into small fragments with a scalpel. The
fragments were transferred into Eppendorf tubes, and 1 mL of papain digestion buffer was
added to each sample. Incubation was performed overnight at 65 °C for complete sample
digestion, and the tubes were centrifuged at 10,000 rpm for 10 min. The supernatants were
transferred into new Eppendorf tubes. Samples and analytical standard were diluted and
mixed with 1 mL of dye reagent before incubation for 30 min at ambient temperature under
gentle mechanical agitation. The samples were then centrifuged at 12,000 rpm for 10 min
and carefully inverted to discard all the supernatant without disturbing the GAG pellet.
Volumes of 0.5 mL of dissociation reagent were added on top of the pellets, and the samples
were incubated for 10 min at ambient temperature with regular vortexing. Following the
complete dissociation of the dye from the GAG pellet, the samples were centrifuged for
5 min at 12,000 rpm. Finally, volumes of 100 uL of standard or sample were transferred
into 96-well microtitration plates, and the absorbance was determined at a wavelength of
656 nm. The relative GAG contents were determined with reference to the net weight of
the constructs following harvest.

2.8.4. Staining and Immunohistology for Specific ECM Component Visualization in
the Constructs

At various timepoints of the in vitro chondrogenic induction phase, the constructs
were harvested and fixed overnight at 4 °C in a 4% formalin solution, rinsed thrice with PBS,
and transferred in 70% EtOH at 4 °C until inclusion in paraffin. After methyl methacrylate
inclusion, thin 5-pum sections were cut and placed onto microscope slides, deparaffinized,
and stained for over 30 min for specific ECM component visualization. The direct staining
types were hematoxylin and eosin (H&E) and Alcian Blue (AB). Thereafter, the prepared
immunohistology slides were processed using antibodies against specific ECM components,
namely aggrecan (ACAN; Invitrogen primary antibody, N° AHP0022) and collagen I (COL1;
Abcam antibody, N°ab138492). Following final revelation, the slides were microscopically
assessed and imaged.
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2.9. Translational Qualification of the Allogeneic Cytotherapeutic Finished Products

In order to further qualify the allogeneic cytotherapeutic finished products from a
translational viewpoint, several assays were performed to validate the product validity
period and its physical applicability for surgical suturing.

2.9.1. Qualification of Allogeneic Finished Product Transport Medium and Product
Validity Period Validation

Following manufacture and before surgical implantation, the finished product must
be harvested, conditioned, and transported from the production suite to the clinical center.
The transport medium for the autologous finished product was specified as normal saline
with 20% autologous human serum (AHS) for a validity period of 6 h post-manufacture. For
the allogeneic finished product, several synthetic conditioning and transport media were
assessed to avoid the use of AHS and the related blood draw /blood product processing
steps. Allogeneic finished product stability was experimentally investigated at ambient
temperature over a time-period of 6 h using a diversified readout panel (i.e., grading of
quality and functionality attributes). Specifically, 3 distinct conditioning and transport
media were evaluated. The allogeneic finished products were produced over a period
of 15 days, as previously described. Following harvest and rinsing, the constructs were
transferred into transport tubes containing either (i) normal saline, NaCl 0.9%, (ii) PBS
with 0.25% sodium hyaluronate, molecular weight range 1.0-1.25 MDa, or (iii) Opti-MEM
medium without phenol red. The control samples were maintained under incubation in
chondrogenic medium, while the other samples were submitted to a standardized transport
protocol of 45 min over 12 km, followed by static storage (i.e., total transport and storage
time-period of 6 h; all phases performed at controlled ambient temperature). All samples
were finally harvested and controlled via MTT staining, total GAG quantification, and
immunohistology.

2.9.2. Validation of Allogeneic Finished Product Implantability via Suture Testing

The Chondro-Gide scaffold (with or without cells) can be implanted using fibrin glue
and/or sutures depending on the retained clinical protocol. To verify that the allogeneic
finished product possessed the appropriate structural /physical attributes for suture-based
surgical implantation in the knee (i.e., the maintenance of physical integrity upon transport,
handling, and suturing), an endpoint suture test was performed. After a manufacturing
period of 15 days, the finished product samples were submitted to the standardized
transport and storage protocol. Then, a standard knot was tied in each sample using a
Monosyn 6/0 suture kit, and a gentle mechanical challenge was applied to the finished
products (i.e., simulation of finished product handling and surgical knot tightening). An
endpoint MTT assay was performed before and after suturing, and imaging was performed.

2.10. Statistical Analysis and Data Presentation

To statistically compare the average values from the two datasets, a paired Student’s
t-test was applied. The normality of data distribution was appropriately validated prior
to the application of parametric tests. A p-value < 0.05 was used to determine statistical
significance. Discrete data are presented using histograms and box-and-whisker plots,
while continuous data are presented using broken-line graphs. Calculations and data
presentation were carried out using Microsoft Excel, Microsoft PowerPoint (Microsoft
Corporation, Redmond, WA, USA), and GraphPad Prism version 8.0.2 (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. FE002 Primary Chondroprogenitors Possess Quality and Safety Attributes Compatible with
Clinical Tissue Engineering

Within existing clinical ACI applications, the use of HPL as a cell proliferation medium
supplement has been implemented successfully following functional validation against the

82



Pharmaceutics 2023, 15, 2333

historically used FBS [66]. Therefore, our experimental results initially confirmed that 5%
HPL could technically be used as an alternative to 10% FBS for the monolayer expansion of
FE002 primary chondroprogenitors (Figures S1 and S2). However, based on the existing
body of research on clinical-grade FE002 primary chondroprogenitors, the substitution of
FBS by HPL has not yet been undertaken (mainly for stability reasons), and all further data
presented herein were gathered with FBS-cultured cells.

From a quality point of view, the proteomic characterization of the allogeneic FE002
cellular active substance yielded some insights into the potential molecular contributions
underlaying the intended therapeutic effects of the cells (Table S1). Specifically, cell thera-
pies are postulated to partly act by means of paracrine effects, a concept which directed the
analyses toward the soluble fraction of FEO02 primary chondroprogenitor lysates. These
were found to mainly contain (in relatively high abundance) MMPs/TIMPs, growth factors,
and cytokines (Table S1). Notably, MMP-2, MMP-13, TIMP-1, and TIMP-2 were identified
in concentrations > 30 ng/mg of total proteins (Table S1). MMPs/TIMPs are conjointly
involved in the processes of ECM regulation, which is of high functional relevance in
chondral defects [67]. The growth factor FGF-2 is known to stimulate chondrocyte or
mesenchymal stem cell proliferation and plays a positive role in cartilage healing [67]. The
growth factor HGF has been shown to induce in vitro rodent chondrocyte proliferation and
ECM synthesis [68]. Another identified protein, sgp130, is a negative regulator of IL-6, with
the latter being involved in cartilage degradation (Table S1). Similarly, sSTNFRI and IL-1Ra
are negative inhibitors of TNF and IL-1 signaling (i.e., they are proinflammatory, nega-
tively impacting cartilage), respectively. Overall, FE002 primary chondroprogenitors were
found to contain potentially useful proteinic components for orthopedic cytotherapeutic
applications (Table S1).

From an efficacy point of view, it was firstly confirmed that FEO02 primary chondropro-
genitors could not yet reach senescence at passage levels equal or superior to that of the
cellular active substance lots (i.e., the maintenance of physiological activity at passages 7-8,
Figure S3). Furthermore, from a preliminary safety viewpoint, the small amounts of iso-
lated senescent cells (i.e., 1.5-3.0% of total cells) that were recorded confirmed that FE002
primary chondroprogenitors are not immortal and therefore present low potential for
uncontrolled and indefinite proliferation (Figure S3). Secondly, specific in vitro safety
characterization of the allogeneic cellular active substance was performed to complement
and support existing in vivo safety data. In the soft agarose assay, significant non-adherent
colonies of HeLa cells were rapidly observed, and they continued to grow over the 21-day
incubation phase (Figure S4). Conversely, no anchorage-independent cellular prolifer-
ation or tumoral growth-like activity was recorded for the FE002 progenitor cell group
(Figure S4). In the telomerase activity assay, the FE002 cells (i.e., clinically usable passage
levels) were found to possess low telomerase activities (i.e., at the lower limit of detection
of the test) that were comparable in value to those of seven patient primary HAC cell types
(i.e., previously safely clinically used for ACI, Figure S5). Conversely, both positive controls
(i.e., HeLa and HCT-116 cancerous cells) were found to possess high telomerase activity (as
expected), thereby confirming the validity of the experimental setup (Figure S5). Overall, no
safety-related concerns were evidenced in vitro for the FE002 primary chondroprogenitors
(congruent with and complementary to existing safety data, including a large animal GLP
study), further confirming their applicability in subsequent translational applications.

3.2. FE002 Primary Chondroprogenitors Possess Quality and Functionality Attributes Compatible
with the Controlled GMP Manufacturing of Chondrogenic Cellular Active Substances

Based on the existing research on clinical-grade primary HAC cell type establishment
and GMP manufacturing, the stability of the FE002 primary chondroprogenitors was
firstly assessed following 3 years of cryostorage. Following parallel in vitro initiation with
primary HACs, it was confirmed that the FE002 cells possessed appropriate key and critical
quality attributes (e.g., adherence, morphology, proliferation) in recovery cultures after
storage (Figure 56). Based on this validation of the cryopreservation phase, a parametrically

83



Pharmaceutics 2023, 15, 2333

defined and controlled manufacturing process was devised for the chondrogenic cellular
active substances (designed to be applicable to both autologous HACs and allogeneic FE002
primary chondroprogenitors, Figure 1).

ACTIVE SUBSTANCE MANUFACTURING
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KPP (IPC total & viable cell
enumeration)

© PROCESS ® CONTROLS
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® Storage Temperature KPP (PPC
storage/transport container logs)

Figure 1. Schematic presentation of the manufacturing and control processes for the autologous or
allogeneic chondrogenic cellular active substances. The process describes a primary cell amplification
and cryopreservation cycle, starting with master cell bank (MCB) or working cell bank (WCB)
vials of HACs or FE002 primary chondroprogenitors. (A) Cellular seeding material initiation from
cryopreservation with rapid thawing and culture vessel seeding. (B) In vitro cellular expansion in
monolayers for cellular active substance lot manufacture. (C) Cellular bulk harvest and cellular active
substance lot processing for cryopreservation. CPP, critical process parameter; HAC, human articular
chondrocytes; IPC, in-process control; KPP, key process parameter; MCB, master cell bank; PPC,
post-process control; WCB, working cell bank.

The corresponding quality attributes (i.e., active substance) are presented in Table S2.
From a technical standpoint, the most significant difference between the autologous and
allogeneic workflows is the possibility to serially manufacture extensive allogeneic cell lots,
contrasting with patient-specific autologous HAC manufacturing campaigns. Regarding
finished product manufacturing, a second parametrically defined and controlled manu-
facturing process was devised (designed to be applicable to autologous and allogeneic
protocols) based on the approved autologous protocol (Figure 2).
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FINISHED PRODUCT MANUFACTURING
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Figure 2. Schematic presentation of the manufacturing and control processes for the allogeneic fin-
ished cytotherapeutic product (i.e., Chondro-Gide scaffolds bearing FE002 primary chondroprogeni-
tors). The process describes cellular active substance lot initiation, scaffold seeding and chondrogenic
induction, and finished product conditioning for transport. (A) Cellular active substance initiation
from cryopreservation with rapid thawing. It is important to note that, in the autologous protocol, an
additional in vitro HAC monolayer expansion phase is carried out at this point. (B) Seeding of the
cellular active substance on the Chondro-Gide scaffold and incubation of the constructs under chemi-
cal chondrogenic induction. (C) Endpoint harvest of the finished cytotherapeutic product lot and
conditioning for transport to the clinical site. CPP, critical process parameter; HAC, human articular
chondrocytes; IPC, in-process control; KPP, key process parameter; PPC, post-process control.

The corresponding quality attributes (i.e., finished products) are presented in Table S3.
Mlustrative experimental records from the autologous and allogeneic finished product
manufacturing campaigns are presented in Figure S7a,b (i.e., upscaling studies using 5 cm?
Chondro-Gide subunits), respectively. For simplified manufacturing process benchmarking
(i.e., autologous versus allogeneic protocol), a list of the production process parameters
(i.e., cellular active substance and finished product manufacturing) is presented in Table 1.
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Table 1. Parametric benchmarking of the manufacturing processes for the autologous and the

allogeneic protocols. Manufacturing process technical benchmarking may highlight the specific

points that require additional data and specific risk analyses for the allogeneic protocol based on a

gap analysis and using the approved autologous protocol as a baseline. AHS, autologous human

serum; DMEM, Dulbecco’s modified Eagle medium; ECM, extracellular matrix; FBS, fetal bovine

serum; HAC, human articular chondrocytes; HPL, human platelet lysate; NA, non-applicable.

Resource
; 1
Parameter/Specification Autologous Protocol ~ Allogeneic Protocol Purpose/Targets Reqmrem‘?nts
(Allogeneic vs.
Autologous)
e 2
Regulatory Status (')f the Protocol for Clinical Ap.provedA Pending Submission NA Increased
Investigational Use (Swissmedic)
Cellular Active DMEM-Ham’s F12; DMEM: Loslutamine: Obtention of >40 x 10°
Substance Proliferation L-glutamine; HPL F,BS %00/ ’ cells for a cellular Decreased
Medium 10% ° active substance lot
Cellular Active Maintenance of
1. Cellular Active Substance Lot Yes; Liquid nitrogen Yes; liquid nitrogen appropriate biological Conserved
Substance Cryopreservation functionalities
Cellular Active FE002 primary Use of cellular ac{t 1ve
HACs expanded . substance materials
Substance Lot . chondroprogenitors . : .
P . once in 2D before . with optimal quality Decreased
rocessing for Scaffold . directly seeded after . .
: scaffold seeding U and functionality
Seeding initiation .
attributes
Use of
cyto-/bio-compatible
. Chondro-Gide Chondro-Gide scaffold of appropriate
Matrix/Scaffold < 20 em? <20 cm? dimensions with Conserved
appropriate
functionalities
Cell Seeding Density [2+0.5] x 106 [2 4+ 0.5] x 106 N Obtention of
5 5 omogeneous scaffold Conserved
on the Scaffold cells/cm cells/cm .
cell seeding
DMEM-Ham'’s F12;
HPL 10%; DMEM; L-glutamine;
Chondrosenic L-glutamine; ascorbic ITS; TGF-33 Induction of
.. narogen acid 0.025 mg/mL; 10 ng/mL; VitCp chondrogenic genes
2. Finished Induction Medium ’ . e Conserved
Cvtotherapeutic Composition TGF-$1 10 ng/mL; 82 ug/mL; and ECM deposition by
y Prod p Insulin 10 pg/mL; dexamethasone viable cells
roduct dexamethasone 10 nM
100 nM
Induction of
Chondrogenic chondrogenic genes
Induction Time-Period 16+ 4 days 14 £2 days and ECM deposition by Decreased
viable cells
Maintenance of
Transport Medium 1. ) 90, AHS 20% NaCl 0.9% appropriate physical Decreased
Composition and biological
functionalities
Maintenance of
Finished Product 6 h after end of 6 h after end of appropriate physical Conserved
Validity Period manufacture manufacture and biological
functionalities

1 Combination of global financial, regulatory, material, and scientific resources. 2 NCT05651997 clinical trial,
Lausanne and Fribourg, Switzerland.

An illustrated workflow describing the temporal constraints and the risks associated
with the autologous and/or the allogeneic protocol is presented in Figure S8. Generally,
the two processes were considered to be technically overlapping. The main differences in
the allogeneic process were the use of FBS instead of HPL for cell expansions, the direct
use of cryopreserved cellular active substance for Chondro-Gide seeding, and the tailoring
of the chondrogenic induction medium for optimal ECM deposition (Table 1).
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3.3. FE002 Primary Chondroprogenitors Possess Functional Attributes Comparable to Those of
Clinical-grade HACs within Chondrogenically Induced Chondro-Gide Constructs

To maximize the therapeutic potential of the intervention, the presence of viable and
functional cells at the time of construct implantation in the knee is required. Endpoint MTT
assays were performed on the autologous and allogeneic finished products, initially con-
firming that the cells homogeneously colonized the Chondro-Gide scaffolds and retained
significant metabolic activity (Figure S7(aE,bF2)). Furthermore, the cells colonized one of
the two scaffold layers (i.e., rough side), as expected (Figure S7b).

Regarding specific chondrogenic function in the constructs, the cultured cells must be
able to readopt a chondrogenic phenotype after monolayer expansion (i.e., where transient
de-differentiation occurs). The results of finished product functional characterization at the gene
expression level showed that, during the in vitro 3D chondrogenic induction phase, specific
genes of interest were induced in HACs and in FE002 primary chondroprogenitors (Figure 3).

Specifically, previous internal research showed that HAC chondrogenic genes (COL2,
ACAN, Sox9) were induced following the chemical induction of 3D cell pellets [66]. In the
present study, our results showed that similar functions could be obtained upon placing
HACs within two types of implantable sheet scaffolds, with highly significant chondrogenic
gene induction taking place at the 16-day timepoint (Figure 3A). As the Chondro-Gide
scaffold was already clinically implemented for the second-generation ACI protocol (i.e.,
NCT04296487) and retained for the MACT protocol (i.e., NCT05651997), it was used for
the functional qualification of the FEO02 primary chondroprogenitors as well (Figure 3B).
Notably, regarding the allogeneic cell group, Sox9 expression was constitutively high and
was not significantly (p-value = 0.296) induced following the construct incubation phase
(Figure 3(B3)). However, extremely potent COL2 and ACAN induction were recorded in the
FE002 groups, with endpoint values over 10x higher than those of the autologous HAC-
based constructs (Figure 3(B1,B2)). Overall, it was shown that the autologous and allogeneic
cells were capable of re-expressing specific chondrogenic genes following appropriate
chemical induction in 3D, with quantitative advantages favoring the allogeneic FE002
cells (Figure 3). Additionally, it was shown that a two-week chondrogenic induction
period resulted in the exponential induction of COL2 and ACAN genes and that, from a
functional standpoint, a two-week chondrogenic induction period is preferrable over a
7-day induction period (Figure 3).

To validate the functional advantages generated by the chondrogenic induction phase
and measured via gene expression analysis, finished product functional characterization
was performed at the protein level, focusing on ECM components. A DMMB assay for total
GAG quantification was employed in various experimental setups (Figure 4).

In the allogeneic FE002 cell group, a time-course of GAG deposition in the Chondro-
Gide scaffold showed a significant (p-value < 0.05) increase between the 7-day and 14-day
timepoints but no further rise at the 21-day timepoint (Figure 4A). Such results were con-
gruent with the data gathered at the gene expression level and validated the chondrogenic
induction phase duration of approximatively two weeks (Figure 3). Then, the DMMB
assay was used to assess the interpatient variability in endpoint total GAG contents within
the autologous finished product (Figure 4B). Furthermore, mean endpoint total GAG con-
tents were compared between the autologous and allogeneic groups, wherein the FE002
cells were found to deposit much more ECM throughout the constructs than the HACs
(Figure 4C).
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Figure 3. Functional characterization of the autologous and allogeneic finished products, as as-
sessed according to their evolutive chondrogenic gene expression levels during construct incubation.
(A1-A3) Relative chondrogenic gene (i.e., COL2, ACAN, Sox9) fold induction values at various
timepoints of autologous finished product incubation (assessed for Hyalograft and Chondro-Gide
scaffolds, respectively). Both scaffolds were assessed as being functionally equivalent, and endpoint
chondrogenic gene expression was highly significantly increased compared to the baseline in all
groups (p-values < 0.01). (B1-B3) Relative chondrogenic gene (i.e., COL2, ACAN, Sox9) fold induction
values at various timepoints of allogeneic finished product incubation (assessed for Chondro-Gide
scaffolds). Endpoint chondrogenic gene expression was highly significantly increased for COL2
(p-value < 0.01) and ACAN (p-value < 0.0001). Furthermore, endpoint chondrogenic gene expression
was significantly higher in value for COL2 and ACAN (p-values < 0.01) compared to the respective
endpoint induction levels of the same genes in the autologous finished products (i.e., the Chondro-
Gide groups). Experimental replicates (n > 3) and repetitions were used for the assays. Statistically
significant differences are marked by an asterisk (i.e., “*”). ACAN, aggrecan; COL, collagen.

For a qualitatively enhanced investigation of the ECM deposition activities in the
Chondro-Gide constructs by HACs and FE002 primary chondroprogenitors, several histol-
ogy assays were performed. Firstly, endpoint cellular localization and ECM organization
were visualized in the autologous constructs, showing appropriate structural and composi-
tion attributes (Figure 5).
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Figure 4. Functional characterization of the autologous and allogeneic finished products, as assessed
via total GAG quantification within the constructs. (A) Increase in GAG contents over time within
constructs bearing allogeneic FE002 primary chondroprogenitors. Experimental replicates (n > 6) and
repetitions were used for the assay. Statistically significant differences (p-values < 0.05) are marked
by an asterisk (i.e., “*”). (B) Interpatient variability in terms of endpoint GAG contents within freshly
harvested autologous constructs. Experimental replicates (n > 3) from nine different donors were
used for the assay. (C) Comparison of endpoint GAG contents between constructs bearing HACs
(i.e., 16 days of induction) and constructs bearing FE002 primary chondroprogenitors (i.e., 14 days
of induction). Experimental replicates (n > 6) and repetitions were used for the assay. Statistically
significant differences (p-value < 0.05) are marked by an asterisk (i.e., “*”). GAG, glycosaminoglycan;
HAC, human articular chondrocytes.

As expected, cellular presence and ECM deposition were concentrated within one
layer of the scaffold (the rough side; Figure 5). Furthermore, cellular morphology was
observed to be rounded, and the cells were embedded in the lacunae (Figure 5(A3,B3)).
Regarding the allogeneic grafts, progressive ECM deposition was observed in a time-course
immunohistology setup (Figure 6). Therein, the experimental results were congruent
with the gene expression and GAG quantification readouts, showing a strong increase in
ECM deposition between the 7-day and the 14-day timepoints (Figure 6). Furthermore,
no significant increase in ECM content was evidenced at the 21-day timepoint, and the
homogeneity in the aggrecan deposition was lower than that at the 14-day timepoint
(Figure 6).

Subjecting the allogeneic grafts to multiparametric endpoint histological evaluation
enabled us to confirm that appropriate structural and qualitative attributes were obtained
and were comparable to those of the autologous grafts following two weeks of chondrogenic
induction (Figures 5 and 7).

The various control parameters, methods, and acceptance criteria used for the parallel
functional qualification of the autologous and allogeneic constructs are presented in Table 2,
along with the corresponding experimental assessments.

A summary of the various relevant finished product attributes (classified by control
parameter type) is presented in Table 3.
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Table 2. Control parameters for the autologous and allogeneic finished products (i.e., in-process
indirect assessments and endpoint direct assessments). AB, Alcian Blue; ACAN, aggrecan; C,
conforming; COL 2, collagen II; DMMB, dimethylmethylene blue; ECM, extracellular matrix; GAG,
glycosaminoglycan; h, hours; HE, hematoxylin and eosin; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; NC, non-conforming; PBS, phosphate-buffered saline; RT-PCR, real-

time polymerase chain reaction.

Autologous Allogeneic
Control/Assessment Control Targets/Acceptance Protocol Protocol
Type Control Parameters Methods Criteria Assessment Assessment
C NC C NC
Chondrogenic Gene Induction of COL2 and
Induction in 3D RT-PCR ACAN v ) v )
Cartilage GAG Presence Cartilage GAG presence
(Total) in 3D DMMB > 0.25 ug/mg v ) v )
Cartilage ECM Presence HE Presence of staining v - v -
(Histology) in 3D ACAN Presence of staining v - v -
AB Presence of staining v - v -
Cellular Viability in 3D MTT Presence of MTT signal v - v -
Homogeneity of Cell MTT signal Homogeneous staining
Presence Across the homogeneity;  of the whole surface of v - v -
1. Endpoint Direct Construct Histology the construct
Assessment ! of . Presence of cells and
Finished Product Lot Cells and Sy.r1thet.12ed MTT; ECM in one layer of the
ECM Localized in 1 . v - v -
Histology construct (absent from
Layer of the Construct
the other layer)
Cells Localized in Histology Presence of cells in the v ) v )
Lacunae lacunae
. Rounded cellular
Cellular Morphology Histology morphology v - v -
Homogeneous ECM Homogeneous presence
Presence Across the Histology of ECM across the v - v -
Construct construct
Significant ECM Significant ECM
Deposition Within the Histology deposition in one layer v - v -
Construct of the construct
Cellular viability > 75%
Cell Viability in Cell ' before.controllplate
enumeration; seeding; limited
Monolayer Control . v - v -
Operator amounts of floating
. Cultures . .
2. In-Process Indirect assessment dead cells; induction
Assessment 2 of medium consumption
Finished Product Lot Presence of >60%
Cellular Adhesion in adherent cells 24 h after
Operator .
Monolayer Control seeding; absence of v - v -
assessment .
Cultures significant cellular

detachment
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Table 2. Cont.

Autologous Allogeneic
Control/Assessment Control P ‘ Control Targets/Acceptance Protocol Protocol
Type ontrol I'arameters Methods Criteria Assessment Assessment
C NC C NC
Appropriate
proliferative cellular
Cellular Proliferation in morphology adoption,
Operator : :
. Monolayer Control proliferation rate, and v - v -
2. In-Process Indirect cul assessment . .
By ultures proliferation
Assessment ~ of h ity i
Finished Product Lot omogenetty in
monolayer
Cellular Population Absence of observable
L Operator .
Purity in Monolayer cell sub-population v - v -
assessment
Control Cultures presence

1 Destructive control process performed directly on the finished product, requires dedicated replicate production.
2 Non-destructive control process performed on cell recovery control cultures or on manufacturing process
retention samples.

Figure 5. Endpoint functional characterization of the autologous finished product (as assessed by
immunohistology for constructs bearing HACs). (A1-A3) Sections of a construct following HE
staining. (B1-B3) Sections of a construct following AB staining. The results showed the zone-specific
localization of the HACs (i.e., rounded cells within lacunae) and the deposited ECM (i.e., one defined
construct zone), as expected. AB, Alcian Blue; ECM, extracellular matrix; HAC, human articular

chondrocytes; HE, hematoxylin and eosin.
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Figure 6. Functional characterization (time-course) of the allogeneic finished product, as assessed via

immunohistology for constructs bearing FE002 primary chondroprogenitors. (A) Construct sections
at various timepoints of the incubation phase following AB staining. (B) Construct sections at various
timepoints of the incubation phase following ACAN staining. Overall, the results showed that
significant ECM deposition occurred between days 7 and 14 of the construct incubation phase. AB,
Alcian blue; ACAN, aggrecan; ECM, extracellular matrix.
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Figure 7. Endpoint characterization of the allogeneic finished products (as assessed via immunohistology
for constructs bearing FE002 primary chondroprogenitors). In addition to significant ECM deposition
in one layer of the constructs, the cells were observed to be rounded and localized in the lacunae, as
expected. (A1-A3) Hematoxylin and eosin staining. (B1-B3) Alcian Blue staining. (C1-C3) Aggrecan

staining. AB, Alcian Blue; ACAN, aggrecan; ECM, extracellular matrix; HE, hematoxylin and eosin.

Table 3. Autologous and allogeneic finished product attributes used for the parametric description
and multi-phasic control of the in vitro manufacturing process. CQA, critical quality attribute; ECM,
extracellular matrix; IPC, in-process control; PPC, post-process control.

Process Development

1 2
Parameter Type Control Parameters IPC PPC /Validation 3

Release
Criterion

Cell viability (monolayer recovery) v - v

v

Cell viability (3D) - v

v

Cell proliferation rate (monolayer recovery)

1. Quality

v
Endpoint cell yield (monolayer recovery) v -

Cell morphology (3D) - v

Localization of cells in the lacunae - v

Microscopic cell morphology assessment v
2. Purity (monolayer recovery)

Cell proliferation rate (monolayer recovery) v -

Cell viability (3D) -

Chondrogenic gene induction (3D) -

3. Efficacy Cartilage-specific ECM synthesis and deposition
in 3D

NN N N N AN EN ENENEN

SSENIEN

Macroscopic change in construct color and
rigidity

\
{\
b
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Table 3. Cont.

Process Development Release
1 2 P
Parameter Type Control Parameters IPC PPC /Validation 3 Criterion
In vitro and in vivo tumorigenicity assessment;
telomerase activity quantification; cell type . ) v
senescence assessment; karyotyping; literature
review
4. Safety Microbiological safety (manufacturing system) v v v v
Microbiological safety (raw /starting materials,
: v v v v
retention samples)
Microbiological safety (finished product lot) - v v v
Finished product CQA maintenance after storage - v v -
5. Stability Finished product CQA maintenance ) v v )

after transport

! Performed on cell recovery control cultures or on manufacturing process retention samples. 2 Performed
on the finished product or on manufacturing process retention samples. 3 These activities are characterized
by the enhanced scope and granularity of their technical validation compared to the routine finished product
release criteria.

Specifically, each control parameter subtype was identified with respect to its use
in the finished product manufacturing process itself (i.e., IPC vs. PPC), in its develop-
ment/validation, and in its implementation (i.e., release criterion, Table 3). Overall, the
gathered experimental data confirmed that the produced allogeneic grafts were qualita-
tively non-inferior or functionally superior to the autologous grafts, with the latter being
approved for clinical investigational use (i.e., NCT05651997). Multi-parametric functional
data confirmed and validated that a two-week chondrogenic induction period was most
appropriate for the considered finished products (Figures 3-7). Furthermore, no differences
were observed between the 1 cm? and 5 cm? allogeneic constructs in terms of endpoint
functional attributes, confirming that the described manufacturing protocol is readily
upscalable (Figure S7).

3.4. Allogeneic Finished Products Possess an Appropriate Pharmaceutical Form and Stability
Attributes for Clinical Orthopedic Bioengineering

In order to confirm that the allogeneic finished products maintained appropriate qual-
ity and functionality attributes at least up until surgical implantation in the knee, specific
validation studies were performed. Firstly, it was confirmed that ambient temperature
storage and transport for a total time-period of 6 h did not significantly impact cellular
colonization and viability nor the total GAG contents of the constructs (Figure 8).

Similar results were obtained for the three types of tested transport media (Figure 8).
At the end of the manufacturing phase and following transport/storage, the constructs were
evaluated via macroscopic assessment, cell viability assessment, total GAG quantification,
and histology for three different transport media (Table 4).

While the GAG contents were found to be 25% lower on average in the NaCl
group compared to the control group, no statistically significant difference was found
(p-value = 0.370, Figure 8C). Macroscopically, no inexplicable or unusual changes in con-
struct physical attributes were noted after harvest (Figure 8A). Structurally, no significant
modifications were evidenced between the groups via our histological analyses (Table 4).
Secondly, it was shown that the constructs could be handled and sutured using standard
surgical threads (Figure S9). Specifically, it was shown that construct handling, suturing,
and gentle mechanical challenging did not result in the disturbance of the biological mate-
rials present on the samples (Figure 8B, top row). Overall, it was experimentally confirmed
that the retained manufacturing process and technical specifications enable the production
of clinically usable allogeneic grafts of appropriate quality for orthopedic implantation.
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Figure 8. Validation results for allogeneic finished product transport medium and construct suturabil-
ity. (A) Freshly harvested finished products before conditioning for transport/storage. Experimental
replicates (n = 3) were used for the assay. (B) MTT-stained finished products after the application of
the standardized transport protocol. Constructs presented in the top row were additionally submitted
to the suture test before MTT staining. Experimental replicates (n = 3) were used for the assay.
(C) Impact of the transport protocol on the total GAG contents of the constructs. Experimental
replicates (n = 6) were used for the assay. CTRL, control; HA, hyaluronic acid; PBS, phosphate-
buffered saline.

Table 4. Parametric grading table of allogeneic finished products after 6 h of transport and stor-
age. AB, Alcian Blue; ACAN, aggrecan; DMMB, dimethylmethylene blue; GAG, glycosamino-
glycan; HA, hyaluronic acid; HE, hematoxylin and eosin; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; NaCl, sodium chloride; PBS, phosphate-buffered saline.

Endpoint Construct Grading !

Parameter Controls Targets/Acceptance Criteria
NaCl OPTIMEM HA-PBS
Cellular Viability MTT Presence of viable cells on the constructs +++ +++ +++
Cellular Repartition MTT/HE Homogeneou§ viable cell repartition on one i et it
side of the scaffold
Construct Morphology Operator Specific macroscopic chapge in construct color ot i it
Assessment and rigidity
GAG Content DMMB Maintenance of total GAG contents ++ +++ +++
Agorecan Presence Histolo Maintenance of positive ACAN staining on ot it it
88 8y one side of the construct

Alcian Blue Staining Histology Mamtenance. of positive AB staining on one +++ +++ +++

side of the construct

! Semi-quantitative grading was performed using the abbreviated nomenclature presented hereafter. (++) =
satisfactory; (+++) = optimal.
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4. Discussion
4.1. Progressive Translational Development of Cell Therapies for Cartilage Repair/Regeneration:
Extensive Manufacturing Experience and Long-Term Clinical Research on ACI

Cartilage-oriented regenerative strategies are currently far from being fully satisfactory,
and the search for effective disease-modifying interventions is ongoing [69-71]. In order to
meet increasing clinical needs, important translational efforts are being allocated toward
the optimization of existing ACI protocols or the creation of novel approaches [11,12,72-76].
Several generations of ACI have been clinically investigated and shown to yield positive
impacts for treated patients [1-3,11-15]. Importantly, extensive, long-term, and large-scale
clinical human data are available for ACI [15,22,29,30]. In one study, first-generation ACI
involved the arthrotomic implantation of expanded HACs under a periosteal flap [7,14].
The aim of this study was to durably restore tissular structures and functions following
lesion debridement and the creation of an optimal local environment for the cell-based
product. Good clinical outcomes were obtained, yet a major cause of failure was the
development of periosteal hypertrophy, requiring new surgical interventions [8,13,14].
Additionally, the surgery requires an open-joint procedure and the harvest of a periosteal
flap, which is fragile and can tear during suturing.

In second-generation ACI, the periosteal flap was replaced by an artificial membrane
(e.g., Chondro-Gide) [8,14]. This substitution improved outcomes, as the procedure was
less invasive (no periosteal tissue harvest); less surgical complications were observed, and
a reduction in hypertrophy development was recorded [2,8,11]. However, the procedure
still required open surgery, which brings risks of complication. Furthermore, a risk of
injected cell leakage or inhomogeneous repartition on the lesion surface exists. McCarthy
et al. directly compared the clinical and histological outcomes between first- and second-
generation ACI [38]. Patients implanted with Chondro-Gide membranes demonstrated
a higher cellular morphology score (i.e., ICRS II score), a better surface morphology for
treated medial femoral condyle defects, and a higher proportion of hyaline cartilage for-
mation (i.e., OsScore) [38]. These results demonstrated that the use of Chondro-Gide
membranes resulted in a better quality of tissular repair [38].

Overall, considering the available clinical data on the various generations of ACI led
us to conclude that the interventions are generally safe and effective and that the succes-
sive technical updates in therapy/product manufacturing protocols have been clinically
beneficial [14-17,77-80]. Specifically, it was shown in multiple settings and by various
clinical groups that the use of the Chondro-Gide membrane was of high therapeutic utility
in a variety of treatment strategies. The comprehensive consideration of the elements
presented hereabove enabled the local implementation of the NCT05651997 clinical trial,
which was based on the robust global track records of the Chondro-Gide membrane and
third-generation ACIL.

4.2. Safety, Quality, and Efficacy Attributes: FEO02 Primary Chondroprogenitors Are Compatible
with Modern Clinical Regenerative Medicine Requirements

Since the establishment of the cell source in 2009 under the Swiss progenitor cell trans-
plantation program, FE002 primary chondroprogenitors have been exploited as clinical-
grade cytotherapeutic materials [49,50]. Specifically, extensive technical work has validated
the applicability of such cells in industrial-scale manufacturing workflows for transposition
to GMP manufacturing [50]. Furthermore, previous preclinical research has shown the ver-
satility and high potential of FEO02 primary chondroprogenitors as promising contenders
in cell-based orthopedic regenerative medicine [50-54,81]. Some of the advantages of using
such an allogeneic cellular active substance for cartilage bioengineering involve the off-the-
freezer availability of standardized biologicals, rationalized manufacturing workflows, and
drastically reduced operative burdens [50].

However, major concerns regarding the development of novel cell-based protocols
for human cytotherapeutic use are linked to biological material safety, especially in allo-
geneic contexts. Notably, FE002 primary chondroprogenitors have been implanted in vivo
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in a variety of xenogeneic settings (including a caprine GLP study of knee cartilage de-
fects) [50-52]. Furthermore, the original experimental results presented in this study have
served to complement and enhance the available body of knowledge on the safety attributes
of FE002 primary chondroprogenitors (finite in vitro lifespan, low telomerase activity, no
anchorage-independent cell growth). From a mechanistic viewpoint, the identification of
the main soluble constituents of the FE002 allogeneic biological materials (e.g., growth
factors, cytokines) has provided some insight into the possible biochemical cues at play in
the paracrine modulation of pathological environments (Table S1).

From a translational viewpoint, our combined cell manufacturing and clinical cy-
totherapeutic experiences enabled us to tangibly set forward the established protocols
and processes (i.e., autologous and allogeneic, Figures 1 and 2). Regarding local GMP
manufacturing and the clinical administration of HAC-based preparations, more than
67 patients have been treated to date (NCT04296487 clinical trial) [48]. Regarding GMP
manufacturing and the clinical use of primary progenitor cells (e.g., FE002 primary dermal
progenitor fibroblasts), more than 300 patients have been treated to date [65]. Overall, the
appropriate consolidation of the locally available resources and research should enable the
timely transposition of orthopedic protocols from an autologous to an allogeneic setting
using FE002 primary chondroprogenitors.

4.3. FE002 Primary Chondroprogenitors Are Functionally Comparable to Clinical-grade HACs in
Chondro-Gide Constructs

The functional characterization of FE002 primary chondroprogenitors has previously
been reported by multiple research groups and in a variety of product prototypes [50-52,81].
The specific methodological advantage of the present study lied within the use of a reg-
ulatorily approved autologous approach and clinical-grade HAC materials as a baseline
for manufacturing process benchmarking and parallel functional qualification. Therein,
it was shown that FEO02 primary chondroprogenitors equaled or outperformed patient
primary HAC cell types in terms of function in the retained Chondro-Gide construct
(Figures 3 and 4). Specifically, it was shown that finished products with appropriate quality
and functionality attributes could be obtained using both protocols, notwithstanding the
specific technical adaptations (Tables 1, S2 and S3). The simultaneous consideration of
both approaches enabled us to devise optimized manufacturing processes and related con-
trols, which were validated as being applicable to the HAC-based and the FE002 primary
chondroprogenitor-based protocols (Figures 1 and 2, Table 2). While direct comparison
between the two approaches was not possible (due to specific process adaptations), par-
allel functional qualification indicated that both finished product types conformed to the
specified requirements (Table 2).

To strengthen the rationale of using Chondro-Gide scaffolds for therapeutic cell chon-
drogenic induction, an alternative autologous approach (i.e., N-TEC, engineered nasal
cartilage) has been discussed [32,57,82]. Nasal chondrocyte-based tissue-engineered car-
tilage has been extensively studied at preclinical and clinical levels, garnering a robust
scientific, technical, and clinical track record [32,57,73]. Specifically, chondrocytes isolated
from nasal septa were cultured and chondrogenically induced on Chondro-Gide scaffolds
for up to two weeks [32,73]. Favorable therapeutic effects have been shown for orthopedic
patients following osteoarthritic knee cartilage defect management using the N-TEC pro-
tocol [32]. Notably, the methodological elements of the N-TEC protocol and its iterative
technical updates were closely considered for devising the autologous and allogeneic work-
flows presented herein [66,73]. Therein, manufacturing technical specificities and stepwise
control implementation from the N-TEC approach were considered as bases for the val-
idation of both reported protocols (autologous and allogeneic) using the Chondro-Gide
scaffold [73].

A notable technical divergence in this study between the presented approaches (au-
tologous vs. allogeneic) was the use of HPL for the autologous protocol and the use of
FBS in the allogeneic protocol (Table 1). While the implementation of HPL as a cell prolif-
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eration medium supplement may easily be justified from a risk reduction viewpoint, the
long-term functional impact on expanded chondrogenic cells remains under investigation.
Specifically, several studies have shown the functional equivalence of FBS and HPL for
the in vitro manufacturing of chondrogenic cells [66,83-89]. Furthermore, the upscaling
of cell manufacturing for ACI has technically excluded the use of AHS as a culture sup-
plement due to limited available quantities [72,74]. Therefore, specific concerns have been
voiced over the impact of HPL supplementation on the in vitro chondrogenic potential
of the cellular active substance; however, the available reports are not all congruent, and
the overall impact on the therapeutic efficacy of the intervention remains unknown [74].
Overall, while several new cell proliferation medium supplements are available and con-
form to the modern standards of animal material-free workflows, FBS remains the gold
standard due to its proven manufacturing and clinical track record [84-87]. These elements
were considered to justify the maintenance of FBS for the industrial manufacturing of
FE002 primary chondroprogenitors, despite the evident technical applicability of HPL
(Figures S1 and S2) [50].

4.4. Autologous versus Allogeneic Approaches to Large (Osteo)-Chondral Defects of the Knee:
Comparative Burden Analysis for Clinical Pathway Rationalization

A main advantage of adopting an allogeneic cell-based approach to manage large
knee (osteo)-chondral defects is the reduction in operative burdens and donor-site mor-
bidity [50,90]. Specifically, allogeneic workflows normally require only one orthopedic
intervention at the time of matured graft implantation in the joint (Figure S8). Furthermore,
it was validated that AHS was not necessary in the finished product transport medium
for the FE0O2 cell-based allogeneic constructs, removing the need for autologous blood
draw (Figure 8, Table 4). Such process simplifications may be interpreted positively in the
case of the presented allogeneic protocol and from multiple standpoints (clinical pathways,
technical risks, resource allocation).

Regarding the clinical pathway rationalization with the use of the allogeneic protocol,
numerous logistical advantages may be yielded by the off-the-freezer availability of the
FE002 cellular active substance (Figures 1 and S8) [50]. Specifically, the operative program
may be devised around a single orthopedic intervention for graft implantation, and manu-
facturing activities may be retro-planned accordingly, without the time constraints linked
to autologous biopsy processing (Figure S8) [48]. Therefore, the serial manufacturing of
FE002 allogeneic cellular active substance lots allow for significant potential organizational
gains at the institutional level.

Regarding the technical risk reduction in the allogeneic approach, the amount of
process steps and the number of repetitions of said steps is determinant. Indeed, the autolo-
gous protocol requires primary patient HAC cell type establishment, HAC expansion, and
finished product formulation steps to be performed for each new patient (Figure S8) [48].
Conversely, the exploitation of a standardized allogeneic cell source such as FE002 primary
chondroprogenitors does not require renewed cell type establishment, and the same cellu-
lar active substance lot may be used quasi-universally for different patients [50]. Therein,
standard FE002 cellular active substance manufacturing batches may potentially serve
for the serial preparation of >20 allogeneic grafts (40 mm x 50 mm). Thus, all technical
means that result in a reduction in manufacturing steps or repetitions may provide tangible
reductions in biosafety-related risks or manufacturing failure-related risks (Figure S8).
Importantly, the high inter-patient variability, which impacts autologous cellular active
substance manufacturing activities, may be avoided in the allogeneic approach, which
enhances process standardization [48]. At the finished product level, the original data
presented in the present study showed the superior performance of the FE002 cells in
terms of GAG synthesis but also showed higher variability compared to the HAC-based
constructs (Figure 4C). Such results were explained by the different scale of chondrogenic
gene expression under induction (i.e., >ten-fold higher expression in allogeneic constructs)
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and were not interpreted negatively due to the fact that only minimal requirements are
specified within functional controls (Figure 3, Table 2).

Regarding the comparative analysis of resource allocation for the autologous and
allogeneic approaches, the technical and clinical simplifications described hereabove lead
to overall cost rationalization within the allogeneic approach (Table 1). Specifically, the
sparing use of manufacturing resources may be achieved via serial cell batch production
instead of patient-specific production (Figure S8). Furthermore, less surgeon-related and
operating room-related resources are needed, as the autologous biopsy harvest procedure
is abolished in the allogeneic protocol (Figure S8). Importantly, as the specific case of
second-generation ACI is reimbursed as a lump sum by universal healthcare coverage in
Switzerland, any means that can lower the overall cost of the cell-based orthopedic inter-
vention may potentially demonstrably lead to higher specific public healthcare efficiency,
provided that therapeutic outcomes are at least equivalent [48].

However, the various advantages presented hereabove in favor of the implementation
of allogeneic cell-based protocols are counterbalanced by the time- and resource-consuming
process of obtaining the ad hoc regulatory approvals [50,91-99]. Specifically, extensive risk-
based approaches to the transition from autologous to allogeneic investigational medicinal
products (IMP) must be followed, along with appropriate (i.e., specific and general) risk
analyses (for product quality, purity, efficacy, safety, and stability; see Tables 54-57) [48].
The tangible consideration of FE002 allogeneic cellular active substance substitution into an
existing technical and clinical workflow (autologous to allogeneic transposition) is highly
advisable compared to de novo process development and implementation.

4.5. Identified Study Limitations and Future Clinical Research Directions

The main technical limitations of the presented study were related to the use of
specific manufacturing processes for the autologous and allogeneic materials, which did
not enable a strict comparison of both approaches. Importantly, both manufacturing
processes were developed and optimized, respectively, around HACs and FE002 primary
chondroprogenitors to maximize cellular active substance and finished product quality
and functionality attributes [48-50,66,100,101]. Therefore, we chose to parallelly qualify
the two types of finished products using the respective technical specifications of both
protocols (i.e., those regulatorily approved for the autologous protocol and those used
for the industrial manufacturing of the allogeneic grafts). This was preferred to using an
identical manufacturing process for the autologous and allogeneic cells, which would have
enabled the strict functional benchmarking of the materials. This option was not favored,
as the relevance of appropriate functional attribute development is generally higher than
that of process technical specificities (all risks being equal and mitigated). By extension,
the strict quantitative benchmarking of both approaches is probably of low translational
relevance as, for such similarly behaving biologicals (i.e., in terms of endpoint functional
attributes), it is unclear if superior in vitro performance would correspond to differential
therapeutic benefits for the patients [102-105].

Regarding the scale of the presented work (i.e., Chondro-Gide membrane sub-units), fur-
ther validation studies are warranted in order to generate constructs of appropriate dimensions
for the management of large knee (osteo)-chondral defects (>10 cm?). When working with qual-
ified scaffold lots, high robustness in finished product manufacturing processes was recorded,
and our experimental results regarding manufacturing protocol upscaling confirmed endpoint
functional equivalence at two different size scales (1 cm? vs. 5 cm?). Therefore, the use of full
20 cm? Chondro-Gide membranes would require the adaptation of incubation vessels and
contact—process consumables for ease of processing in GMP manufacturing environments.

As previously mentioned, a large body of scientific and technical research regarding the
clinical-grade allogeneic FE002 primary chondroprogenitor cell source is currently available.
Notably, the in vitro and in vivo safety of the FE002 cells has been studied and validated
by several research groups [50-54]. Based on the presented technical data and the current
clinical developments of autologous and allogeneic cell-based solutions for knee chondral lesion
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management, a pilot clinical trial is being devised around the therapeutic FE002 progenitor cell
source. Therein, two cytotherapeutic formulation options may tangibly be considered, namely
the bioengineered graft presented herein (i.e., chondrogenically induced cells on Chondro-Gide
scaffolds) and an injectable FEOO2 cell suspension to be used in a setup similar to second-
generation ACI [48,50]. Therein, injectable FEO02 primary chondroprogenitor suspensions may
be simply obtained for additionally rationalized manufacturing and clinical workflows.

5. Conclusions

The aim of the present study was to perform manufacturing process benchmarking and
parallel functional qualification for matrix-associated autologous and allogeneic approaches
to large knee (osteo)-chondral defect cytotherapeutic management. Our experimental re-
sults confirmed that both types of bioengineered constructs could be manufactured using
overlapping and optimized GMP-transposable processes. Specifically, the obtained con-
structs were characterized by comparable quality- and functionality-related attributes (e.g.,
COL2 and ACAN induction, GAG deposition, Chondro-Gide scaffold maturation), where
quantitative results were relatively superior in the allogeneic sample groups. Based on the
existing evidence on the use of HAC/Chondro-Gide combinations, this study confirmed
that allogeneic FE002 primary chondroprogenitors were compatible with the Chondro-Gide
scaffold and that they could form a functionally sound (i.e., 3D chondrogenic gene induc-
tion, ECM deposition) finished product. Additionally, complementary in vitro safety data
enabled us to further characterize FEO02 primary chondroprogenitors from a preclinical
safety viewpoint. The presented data were specifically considered for establishing the
rationale around an autologous to allogeneic cell-based orthopedic protocol transposition.
These undertakings were based on a gap analysis between the autologous and allogeneic
protocols, on the reported functional comparability at the finished product level, and on
risk analyses for the use of FE002 primary allogeneic biologicals. Considering the specific
discussion points about the available body of research on the current cell-based approaches
to large knee (osteo)-chondral defect management enabled us to highlight their respective
opportunities, advantages, and risks. Overall, building on the available clinical research on
ACI, the present study could enable the establishment of an appropriate standard for the
further clinical investigation of FE002 allogeneic cell-based orthopedic protocols.
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Abstract: Autologous cell therapy manufacturing timeframes constitute bottlenecks in clinical manage-
ment pathways of severe burn patients. While effective temporary wound coverings exist for high-TBSA
burns, any means to shorten the time-to-treatment with cytotherapeutic skin grafts could provide sub-
stantial therapeutic benefits. This study aimed to establish proofs-of-concept for a novel combinational
cytotherapeutic construct (autologous/allogeneic DE-FE002-SK2 full dermo-epidermal graft) designed
for significant cutaneous cell therapy manufacturing timeframe rationalization. Process development
was based on several decades (four for autologous protocols, three for allogeneic protocols) of in-house
clinical experience in cutaneous cytotherapies. Clinical grade dermal progenitor fibroblasts (standard-
ized FE002-SK2 cell source) were used as off-the-freezer substrates in novel autologous/allogeneic
dermo-epidermal bilayer sheets. Under vitamin C stimulation, FE002-SK2 primary progenitor fibrob-
lasts rapidly produced robust allogeneic dermal templates, allowing patient keratinocyte attachment
in co-culture. Notably, FE002-SK2 primary progenitor fibroblasts significantly outperformed patient
fibroblasts for collagen deposition. An ex vivo de-epidermalized dermis model was used to demonstrate
the efficient DE-FE002-SK2 construct bio-adhesion properties. Importantly, the presented DE-FE002-SK2
manufacturing process decreased clinical lot production timeframes from 6-8 weeks (standard autolo-
gous combined cytotherapies) to 2-3 weeks. Overall, these findings bear the potential to significantly
optimize burn patient clinical pathways (for rapid wound closure and enhanced tissue healing quality)
by combining extensively clinically proven cutaneous cell-based technologies.

Keywords: autologous keratinocytes; burn center; cutaneous cell therapy; dermal template; dermo-
epidermal grafts; early coverage solutions; FE002 dermal progenitor fibroblasts; manufacturing
optimization; severe burns; standardized skin grafts
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1. Introduction

Despite considerable constitutive regenerative potential, human skin is often incapable
of managing serious burn injuries without exogenous interventions [1,2]. Thermal burns
cause necrosis of the epidermis and of underlying tissues and structures. The extent of
the related damage depends on the temperature to which the cutaneous cells and tissues
are exposed and on the duration of said exposure [1]. The resulting high morbidity is
intrinsically modulated by the wound depth and surface (i.e., burn degree) or by the
severity of inhalation co-injuries [1,2]. Specifically, major burn victims are qualified upon
initial presentation of >20% total body surface area (TBSA) lesions for adults and >10%
TBSA lesions for pediatric patients [1-3]. Overall, severe burn patient care, remission, and
rehabilitation are often long and painful [2,3].

Highly specialized therapeutic care centers are necessary for the effective management
of severe burn victims [3]. With a yearly incidence of around 100 adult and pediatric burn
cases, Switzerland is served by three specialized and multidisciplinary university hospital
platforms (i.e., combined adult and pediatric pathway in Western Switzerland; separate
centers in Eastern Switzerland) [3-5]. When considering the acute phase of burn victim care,
patient resuscitation is followed by lesion characterization and escharotomies, as required
(Figure S1). During the subsequent cardiorespiratory stabilization phase, the affected area
is debrided, and a topical antiseptic (e.g., Ialugen Plus, Aquacel Ag) is applied [3]. Rapid
wound coverage may be attained using appropriate bandages such as Mepitel, Polymem,
Kaltostat, or DuoDerm. In severe cases, cadaver skin (i.e., human or porcine) or advanced
coverage solutions (e.g., TransCyte, Lyphoderm, Apligraf, ReCell, OrCel, Epicel, Allox)
can be deployed to prevent catastrophic fluid loss and to stimulate structural /functional
restauration [6-12]. Thereafter, cutaneous stabilization is addressed by permanent wound
closure using various surgical and/or grafting procedures [2-5,10].

From a cytotherapeutic viewpoint, burn wound stabilization and closure have been
successfully performed using stratified autologous keratinocyte cultures (i.e., cultured ep-
ithelial autografts, CEA, Figure S2) [13-16]. In addition to half a century of available clinical
hindsight, this approach is characterized by limited iatrogenesis related to autologous skin
harvests, contrasting with split-thickness grafting [17-24]. While constituting a therapeu-
tic breakthrough, classical CEA-based protocols are inherently technically limited by the
in vitro graft manufacturing timeframes of 2-3 weeks [3,4,21]. Despite the commercial
availability of various autologous keratinocyte preparation types (i.e., cell sheets or spray
formats, e.g., EpicelT, ReCell), widespread clinical adoption has not yet been achieved.
Notably, dependency towards the use of embryonic 3T3 murine feeder layers (i.e., for
autologous keratinocyte culture) and the extensive manufacturing temporal constraints
have not yet been satisfactorily addressed [25,26].

Furthermore, it has been reported for severe burn patients that CEA-treated cutaneous
structures are often characterized by sub-optimal quality and by mechanical fragility due to
the absence of a dermis to support the epidermal layer or due to poor graft integration [18].
To enhance the efficacy of the intervention, the tissue engineering technique has evolved
to include a co-cultured basal dermal component (i.e., functionally stimulated patient
fibroblasts), forming cultured dermo-epidermal autografts (CDEAs, Figure S3) [18,20,27].
However, the major technical drawback incurred by this combinational approach is the
additionally extended manufacturing timeframe of 6-8 weeks for clinical grade CDEA
production [28-31]. Notwithstanding, available clinical reports on CDEA use in burn care
have confirmed the superior efficacy and enhanced tissular repair quality compared to
CEA treatment [27-32]. Mechanistically, human dermal fibroblasts have notably been
functionally characterized to aid in modeling collagen fibers and in secreting factors for
epidermalization. Therefore, the presence of functional fibroblasts in modern cutaneous
cytotherapies was considered necessary to promote epidermal outgrowth [33,34].

Clinically applied in the Lausanne Burn Center for over twenty years, CDEA con-
structs were shown to enhance the quality of skin repairs in burn victims compared to
CEAs, themselves clinically used locally since 1985 [27]. However, the lack of an optimal
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early wound coverage solution for transient wound management prior to CDEA appli-
cation was assessed as a major clinical bottleneck [5,10]. Therefore, in order to mitigate
risks for the patient and to optimally prepare the wound bed before CDEA grafting, In-
tegra membranes were locally used as temporary coverings [21,27]. As an alternative
and bioactive early wound coverage solution, allogeneic progenitor biological bandages
(PBBs) were developed and have been clinically applied in Lausanne since 2004 [35-39].
Designed and manufactured under the Swiss progenitor cell transplantation program,
PBBs consist of banked allogeneic dermal progenitor fibroblasts (i.e., clinical grade FE002-
SK2 cell source) formulated for topical delivery on resorbable equine collagen sheets
(Figure 54, Table S1) [35-39]. Over two decades, viable allogeneic dermal progenitor fibrob-
lasts have been cytotherapeutically applied on over 160 patients in Lausanne, where no
safety-related concerns have been raised and an enhanced repair tissue quality was clearly
evidenced [37,39]. Importantly, PBBs were found to optimally act as a “first cover” solution
in view of early wound bed preparation (i.e., biological stimulation over the first 10-12
days) for eventual autologous skin grafting [37]. In several reported clinical cases, the use
of PBBs alone drastically reduced or even negated the need for subsequent skin grafting,
CEA use, or CDEA use [36-39].

Based on the combined translational and clinical experience gained in the Lausanne
Burn Center with CEAs, CDEAs, and PBBs, a new generation of autologous/allogeneic
constructs was devised for significant manufacturing and clinical workflow rationaliza-
tion. Therefore, the objective of this study consisted in the establishment of in vitro and
ex vivo functional proofs-of-concept for the DE-FE002-SK2 dermo-epidermal construct
based on allogeneic dermal progenitor fibroblasts and autologous keratinocytes. Clin-
ical grade FE002-SK2 cells were firstly used as standardized off-the-freezer allogeneic
substrates and were stimulated with vitamin C for rapid preparation of a collagen-rich
dermal template [40]. Secondly, patient primary keratinocytes were co-cultured on the
allogeneic dermal template to form a stratified epidermal layer. Importantly, the presented
multiphasic process for DE-FE002-SK2 dermo-epidermal construct preparation decreased
the cutaneous graft manufacturing timeframes from 6-8 weeks (i.e., standard CDEA pro-
tocol) to 2-3 weeks. Finally, an ex vivo de-epidermalized dermis (DED) model was used
to functionally characterize the DE-FE002-SK2 construct and validate its applicability in
a clinical setting. Overall, this work sets the technical basis for potentially significantly
optimized burn patient clinical care using clinically proven and standardized biologicals
with rationalized manufacturing resources.

2. Materials and Methods
2.1. Ethical Compliance of the Study

Obtention and use of patient primary cellular materials (i.e., primary fibroblast and
keratinocyte cell types) followed the regulations of the Biobank of the Department of Mus-
culoskeletal Medicine at the CHUV (Lausanne University Hospital, Lausanne, Switzerland).
Biological materials and anonymous patient information materials were included in the
biobank following patient consent documentation and protocol validation by the Vaud
Cantonal Ethics Committee (University Hospital of Lausanne, Ethics Committee Protocol
N°264/12). The clinical grade primary progenitor cell source used in the present study
(i.e., FE002-SK2 primary progenitor fibroblasts) was established from the FE002 organ
donation, as approved by the Vaud Cantonal Ethics Committee (University Hospital of
Lausanne, Ethics Committee Protocol N°62/07). The FE002 organ donation was registered
under a federal cell transplantation program (i.e., Swiss progenitor cell transplantation
program). Appropriate material traceability and anonymity maintenance protocols were
applied during the study.

2.2. Materials and Consumables Used for the Study

The reagents and consumables which were used in this study are listed hereafter:
purified water, PBS buffer, and NaCl 0.9% solutions (Bichsel, Unterseen, Switzerland); high-
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glucose DMEM cell culture medium, L-glutamine, D-PBS, TrypLE dissociation reagent,
MTT, and antibodies (Thermo Fisher Scientific, Waltham, MA, USA); penicillin-streptomycin
and trypsin (Life Technologies, Paisley, UK); CnT-PR medium (CellnTec, Bern, Switzer-
land); C-Chip Neubauer hemocytometers (NanoEntek, Seoul, Republic of Korea); ethanol
and HCI (Chemie Brunschwig, Basel, Switzerland); methanol (Fluka, Buchs, Switzerland);
EDTA and gentamycin (Lausanne University Hospital, Lausanne, Switzerland); mitomycin
C (Medac Pharma, Chicago, IL, USA); cholera toxin (Lubio Science, Zurich, Switzerland);
hydrocortisone (Pfizer, New York, NY, USA); insulin (Novo Nordisk Pharma, Bagsveerd,
Danemark); Millipore Stericup with 0.22 um pores, milliQ water, Ham’s F12 medium, EGE,
vitamin C, picric acid, sodium hydroxide, sodium chloride, Trypan Blue solution, and
FBS (Merck, Darmstadt, Germany); formalin-buffered solution, dispase, paraffin, H&E
stain, xylene, and H,O, (Sigma Aldrich, Buchs, Switzerland); Sirius Red solution and
antibodies (Abcam, Cambridge, UK); antibodies (Vector Laboratories, Newark, CA, USA);
a ChromoMap DAB kit (Roche Diagnostics, Rotkreuz, Switzerland); rat tail collagen and
agar (Corning Life Sciences, Tewksbury, MA, USA); cell culture vessels and plastic assay
surfaces (Greiner BioOne, Frickenhausen, Germany; Corning, New York, NY, USA; and
TPP Techno Plastic Products, Trasadingen, Switzerland); and Vaseline gauze (Smith and
Nephew, Watford, UK).

2.3. Equipment Used for the Study

Component weighing was performed on a laboratory scale (Ohaus, Parsippany, NJ,
USA). Sample centrifugation was performed on a Sorvall Legend Micro 21R microcentrifuge
(Thermo Fisher Scientific, Waltham, MA, USA). Absorbance measurements were performed
on a Varioskan LUX multimode plate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Absorbance data were analyzed using the Skanit-RE software v5.0 (Thermo Fisher Scien-
tific, Waltham, MA, USA). Immunohistology sample preparation was performed using
a Ventana Discovery ULTRA system (Roche Diagnostics, Rotkreuz, Switzerland). Im-
munohistochemistry imaging was performed on an inverted IX81 fluorescence microscope
(Olympus, Tokyo, Japan). Macroscopic imaging was performed on an iPhone 12 (Apple,
Cupertino, CA, USA).

2.4. Primary Cell Sourcing and Cellular Raw Material Manufacture

Patient primary fibroblasts and keratinocytes were isolated and cultured from skin
tissue designated as medical waste following routine abdominoplasties at the Lausanne
University Hospital. At reception, each skin biopsy was washed several times in PBS
with 1% penicillin—streptomycin to remove the residual blood cells. Subcutaneous fat was
completely ablated using a scalpel. Then, the skin biopsies were incubated in DMEM with
10 mg/mL dispase overnight at 4 °C and then in 0.05% trypsin-EDTA for 30 min at 37 °C,
after which the dermis was mechanically separated from the epidermis using forceps.

For primary keratinocyte isolation by enzymatic digestion, the epidermis was cut into
small fragments and was transferred to a tube containing EDTA 0.02% and trypsin 0.25% in
1:1 proportion. The digestion tubes were incubated for 30 min at 37 °C on a rotational shaker.
This step was repeated at least twice to obtain a maximal cell yield. Then, keratinocytes
were enumerated and were seeded in vitro at a density of 2-3 x 10* cells/cm?. The cells
were either seeded in CnT-PR medium and incubated at 37 °C under 5% CO; or they
were cultured on a feeder layer of proprietary 3T3-J2 mouse fibroblasts. The 3T3-]J2 feeder
fibroblasts were inactivated for 2 h using 4 ug/mL mitomycin C. In the feeder layer
group, the keratinocyte proliferation medium was composed of DMEM and Ham's F12
with a 3:1 proportion, with 20 pg/mL gentamycin, 0.14 nM cholera toxin, 400 ng/mL
hydrocortisone, 8.3 ng/mL EGF, 832.2 uM L-glutamine, 0.12 U/mL insulin, and 10% FBS.
All the cultures were maintained in humidified incubators at 37 °C with 5% CO, and the
cell proliferation medium was exchanged three times per week. Primary keratinocytes
were serially expanded in vitro and were used for experiments at passage levels 3—6. The
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cells were cryopreserved in a solution of 50% DMEM, 40% FBS, and 10% DMSO at a cellular
density of 10° viable cells/vial.

For primary fibroblast isolation by explanting, the dermis was cut into small fragments
and was transferred to a tissue culture dish. The tissue fragments were minced and placed
within a checkboard pattern created on the culture surface by mechanical scoring. The
fibroblast proliferation medium was composed of high-glucose DMEM supplemented with
2 mM L-glutamine and 10% FBS. The cultures were maintained in humidified incubators
at 37 °C with 5% CO, and the cell proliferation medium was exchanged twice per week.
Once the cells reached 50-70% confluency, they were transferred and expanded in culture
flasks, with medium exchange procedures performed twice per week. Primary fibroblasts
were serially expanded in vitro and were used for experiments at passage levels 3—-6. The
cells were cryopreserved as described hereabove.

For primary dermal progenitor fibroblast use, cryopreserved cellular materials were
procured under the Swiss progenitor cell transplantation program. Clinical grade FE002-
SK2 primary progenitor fibroblast vials were used as cellular starting materials and were
serially expanded in vitro. The cells were seeded at viable densities of 1.5 x 103,3 x 103,
5 x 103, and 20 x 10% cells/cm? and were maintained in culture until the monolayers
attained confluency. The progenitor fibroblast proliferation medium was composed of
high-glucose DMEM supplemented with 2 mM L-glutamine and 10% FBS. The cultures
were maintained in humidified incubators at 37 °C with 5% CO, and the cell proliferation
medium was exchanged twice per week. Primary progenitor fibroblasts were serially
expanded in vitro and were used for experiments at passage levels 5-12. The cells were
cryopreserved as described hereabove.

2.5. Dermal Template Preparation: In Vitro Collagen Synthesis Induction Conditions

In order to prepare the basal component of standard CDEAs or of DE-FE002-SK2
constructs, primary fibroblasts were used to synthesize extracellular matrix components
(e.g., collagens). For the autologous group, primary patient fibroblasts were used according
to the standard CDEA manufacturing protocols [3]. For the allogeneic group, clinical grade
FE002-SK2 primary progenitor fibroblasts were used following the same protocol. Briefly,
confluent fibroblast cultures were harvested and the cells were seeded in 12-well culture
plates at a viable density of 3 x 103 cells/cm?. The cultures were maintained as described
hereabove. When the cells reached 100% confluency, the fibroblast proliferation medium
was exchanged for fibroblast induction medium supplemented with 10~* M vitamin C to
induce collagen production. The induction medium was replaced every 2 days for 1 week.
Then, the treated cell monolayers were washed with 1x PBS, fixed with —20 °C methanol
for 10 min, rinsed 3 times with 1x PBS, and stored at —80 °C until further use.

2.6. Allogeneic Dermal Template Preparation: In Vitro Manufacturing Optimization

As global manufacturing timeframe rationalization constituted the main objective of
this study, specific technical optimization work aimed to reduce the time necessary for
allogeneic dermal template preparation for the DE-FE002-SK2 constructs to a minimum.
Specific process design elements were taken into consideration, such as cellular material
availability, GMP manufacturing suite occupation, and targeted production timelines [3].
Within the allogeneic protocol, cryopreserved vials of FE002-SK2 primary progenitor fibrob-
lasts were thawed and used at various cell seeding densities (i.e., 1.5-20 x 10 cells/cm?)
to determine optimal and condensed culture technical specifications (i.e., shortest culture
time with sparing use of cell stocks). The cultures were otherwise maintained as described
hereabove. The time to confluency was monitored for each seeding cellular density group.
Operator assessments were independently performed by 3 experienced cellular biologists
(i.e., trained in the development and release of cutaneous grafts produced for severe burn
patients) in standardized blind experimental set-ups.
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2.7. Dermal Template Characterization Assay: Sirius Red Staining and Collagen Quantification

In order to quantitatively and comparatively assess the production of collagens by
the prepared dermal templates, Sirius Red staining and subsequent quantification were
performed at various timepoints of the primary fibroblast induction phase (i.e., after 0, 2, 4,
and 7 days). To prepare a standard curve, serial dilutions of rat tail collagen (i.e., at 3200,
1600, 800, 400, 200, 100, 50, 25, 12.5, 6.25, and 0 ng/mL) were performed in 1x PBS. Equal
150 pL volumes of collagen standard were dispensed in triplicate in a 96-well microplate.
The plates were incubated at 37 °C overnight to evaporate the liquid phase. Each well
was then gently rinsed 4 times with milliQ water. The collagen standards were stained
with 150 pL of 0.1% Sirius Red in 1.3% picric acid aqueous solution for 1 h at ambient
temperature and under agitation. Macroscopic and microscopic imaging were performed.
For Sirius Red stain quantification, 150 pL of 0.1 M NaOH was added to the wells and the
plates were incubated for 30 min at ambient temperature under agitation. The samples
were then transferred to a new 96-well microplate and absorbance measurements were
performed at a wavelength of 560 nm. For the analysis of the prepared dermal template
samples, the corresponding 12-well plates were thawed at ambient temperature. The same
Sirius Red staining and quantification steps were performed as described hereabove for the
reference standards. The data were analyzed using the Skanit-RE software with a linear
regression curve.

2.8. Combined DE-FE002-SK2 Construct Manufacturing Process

In order to prepare DE-FE002-SK2 dermo-epidermal constructs, FE002-SK2 primary
progenitor fibroblasts were seeded in 6-well plates at a viable density of 3 x 103 cells/cm?
and the cultures were maintained with medium exchanges performed twice weekly. Once
confluency was reached after one week of culture, the cells were treated with fibroblast
induction medium, which was exchanged every 2 days for one week. Primary patient
keratinocytes were grown in parallel in CnT-PR medium or on 3T3-J2 feeder layers with
keratinocyte proliferation medium. Upon reaching 60-80% confluency, the keratinocytes
were enzymatically harvested to form a cell suspension and were transferred by cell
seeding on top of the induced fibroblasts (i.e., 5-10 x 10° keratinocytes/well). Then,
the fibroblast—keratinocyte co-cultures were maintained for one week in keratinocyte
proliferation medium.

At the end of the bilayer construct manufacturing phase, a part of the obtained
samples was transferred onto a Vaseline gauze and was then deposited on top of a de-
epidermalized dermis model (DED, see Section 2.10 for a process description of model
preparation/validation) to mimic burned skin treatment. The other part of the obtained
samples was washed in 1 x PBS and was fixed with formalin-buffered solution for 15 min.
Then, the sheets were gently detached from the wells with a brush, and 1% agar was poured
in the wells. The samples were conserved at 4 °C for 3 days before being embedded in
paraffin for histology assays.

In order to prepare epidermal constructs as controls, the standard CEA manufacturing
protocol was used [3]. Briefly, primary patient keratinocytes were cultured on 3T3-]2
feeder layers until reaching hyperconfluency. Then, the stratified keratinocyte sheets were
transferred onto a Vaseline gauze and were used for the DED or the histology assays.

2.9. Combined DE-FE002-SK2 Construct Structural Characterization: Histology and
Immunohistochemistry Assays

In order to process the obtained constructs for histological analysis, a standard protocol
was used. Briefly, the tissues were embedded in paraffin wax blocks and were sectioned to
7 um in thickness with a microtome before being placed on glass slides. The slides were
stained with hematoxylin and eosin (H&E) and Haris hematoxylin.

P63 immunohistochemistry was performed on the samples to assess the presence of
keratinocytes in the different constructs. Therefore, the embedded sample sections were
deparaffinized in xylene (i.e., twice for 10 min) and were sequentially passed through 100%
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ethanol (i.e., twice for 10 min), 90% ethanol (i.e., once for 10 min), and 74% ethanol (i.e., once
for 10 min). Then, a 30 min incubation step in H,O; (i.e., 10% in 1x PBS) was performed to
block endogenous peroxidase activity. Subsequently, the sections were washed and then
incubated with 2.5% horse serum for 1 h. The slides were then incubated overnight at
4 °C with a rabbit anti-p63 antibody (i.e., 1:2000 dilution, N°ab124762, Abcam) for human
keratinocyte visualization. The following day, after the washing steps, the appropriate
secondary antibody (i.e., horse anti-rabbit) was added to the slides and the samples were
incubated for 1 h. The revelation step using ImmPact DAB was performed under the
microscope for less than 2 min. Following immunohistochemical staining, the slides were
counterstained with fastRed and mounted on resin with glass coverslips. The negative
controls were obtained by omitting the addition of the primary antibodies.

Ki67 immunohistochemistry was performed on the samples to assess the presence of
proliferating cells in the different constructs. Detection of cell proliferation was performed
using a rabbit «-Ki67 antibody (i.e., 1:100 dilution, SP6, N°MA5-14520, Thermo Fisher
Scientific) and the fully automated Ventana Discovery ULTRA system (Roche Diagnostics,
Rotkreuz, Switzerland). Briefly, dewaxed and rehydrated paraffin sections were pre-treated
with heat using standard conditions (40 min) in the CC1 solution. The samples were
incubated with the primary antibodies at 37 °C for 1 h. After incubation with a secondary
rabbit HRP antibody (i.e., N°MP 7401, Vector Laboratories), chromogenic revelation was
performed with a ChromoMap DAB kit. The sections were counterstained with Harris
hematoxylin and permanently mounted. Ki67 immunohistochemistry was performed at
the Histology Core Facility of the Swiss Federal Institute of Technology in Lausanne (EPFL,
Lausanne, Switzerland).

2.10. Combined DE-FE002-SK2 Construct Functional Characterization: Ex Vivo
De-Epidermalized Dermis Model

The protocol for establishing the ex vivo DED model was adapted from MacNeil
et al. [41]. Briefly, the DED model was prepared by cutting abdominoplasty skin sections
into 1-2 cm? pieces, which were then incubated at 37 °C for at least 24 h and up to 72 h in
1 M NaCl, where the duration of the incubation step was dependent on the treated sample.
The incubation step in NaCl (i.e., 24 h in general) was sufficient to enable epidermis
detachment, but without causing damage or destruction to the dermal component. The
epidermis was delicately removed from the dermis using forceps to obtain a decellularized,
de-epidermalized dermis (DED) section. The DED samples were washed several times
with 1x PBS and were stored at 4 °C until use. For validation of the DED model (i.e., to
verify the absence of keratinocytes on the dermal component following NaCl incubation),
the experimental materials were qualified using histology, immunohistochemistry, and
MTT controls (i.e., following treatment and after a recovery period in culture medium), for
general exclusion of the presence of metabolically active cells and specific exclusion of the
presence of keratinocytes on the dermal structures.

For the assays, DED samples were transferred into 12-well plates with 1 mL of ker-
atinocyte proliferation medium and were incubated at 37 °C under 5% CO, for 24 h. Then,
the cultured DE-FE002-SK2 constructs (i.e., on Vaseline gauze) were transferred to the top
of the DED sections and the plates were incubated for one week. The culture medium was
exchanged twice weekly. After one week, a part of the samples was fixed in formalin for
24 h at ambient temperature, rinsed with 1x PBS, and placed in 70% ethanol at 4 °C until
paraffin inclusion. Another part of the samples was stained with MTT to assess cellular
viability and homogeneity. Therefore, DED samples were stained with 0.5 mg/mL MTT in
PBS for 2 h at 37 °C and then washed twice with PBS.

Control samples were prepared using different combinations of cultured cells (i.e.,
FE002-SK2 fibroblasts and patient keratinocytes), which were deposited on the DED model.
Therefore, 8-mm diameter glass inserts were placed on the surface of the DED sections
and 100 pL of cell suspensions in proliferation medium was dispensed in the insert. The
plates were incubated for 3 days to enable cellular attachment. Then, the glass inserts
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were removed and the DED samples were deposited on a plastic grid to constitute an
air-liquid interface.

2.11. Statistical Analyses and Data Presentation

The presented experiments were performed in triplicate and using three experimental
repetitions unless specified otherwise. For statistical comparison of average values from
two sets of data, a paired Student’s t-test was applied after appropriate evaluation of the
normal distribution of the data. For a statistical comparison of values from multiple quanti-
tative datasets from experiments where multiple variables applied, a one-way ANOVA test
or a two-way repeated measures ANOVA test was performed and was followed by a post
hoc Tukey’s multiple comparison test. A p-value < 0.05 was retained as a base for statistical
significance determination. The calculations were performed using Microsoft Excel (Mi-
crosoft Corporation, Redmond, WA, USA) and GraphPad Prism version 8.0.2 (GraphPad
Software, San Diego, CA, USA). Data were presented using Microsoft PowerPoint and
GraphPad Prism version 8.0.2.

3. Results
3.1. FE002-SK2 Primary Progenitor Fibroblasts Are Functionally Superior to Patient Fibroblasts
for In Vitro Collagen Synthesis

For tangible consideration of an autologous to allogeneic substitution of the fibroblast
cell source in CDEAs, in vitro benchmarking of critical functional attributes was necessary.
Therefore, the potential of both primary fibroblast types for in vitro collagen synthesis
under vitamin C induction was comparatively assessed in two types of culture media
(i.e., fibroblast and keratinocyte proliferation medium, respectively). The results indicated
that patient fibroblasts and FE002-SK2 primary progenitor fibroblasts were functionally
stimulated (i.e., significantly increased collagen synthesis after 7 days) by the addition of
vitamin C in all conditions (Figure 1, Table S2).

Overall, a trend of higher collagen synthesis was exhibited in the groups of primary
cells which were induced in keratinocyte proliferation medium compared to the fibroblast
proliferation medium (Figure 1B). Additionally, the differences in endpoint collagen levels
between the cell types were less pronounced in the keratinocyte proliferation medium
(Figure 1B). Furthermore, it was noted that the baseline collagen synthesis levels of the
FE002-SK2 primary progenitor fibroblasts were systematically higher than those of the pri-
mary patient fibroblasts (i.e., all experimental groups and conditions, Figure 1). The results
indicated that the FE002-SK2 primary progenitor fibroblasts synthesized more than twice
the amount of collagen in 7 days of culture/induction in fibroblast medium compared to
patient fibroblasts (Figure 1(A5)). The optimal technical specifications for dermal template
manufacture (i.e., maximization of collagen synthesis) comprised vitamin C induction of
FE002-SK2 primary progenitor fibroblasts for 7 days in keratinocyte proliferation medium
(Figure 1). Therefore, these specifications were used for the manufacture of the functional
allogeneic dermal template component in DE-FE002-SK2 constructs.

3.2. DE-FE002-SK2 Constructs Can Be Manufactured for Clinical Use in Three Weeks

In addition to collagen-producing functions, another main advantage of using an
off-the-freezer allogeneic cell source resides in the temporal decoupling of lengthy cell
manufacturing phases from the clinical workflow. Clinical grade cryopreserved FE002-
SK2 cell stocks (e.g., for PBB batches) were used for a brief monolayer expansion phase
before vitamin C stimulation for rapid allogeneic dermal template preparation [37]. With a
targeted cellular expansion time of 7 days, various culture technical specifications were
tested. The various culture groups were monitored by three experienced operators and
were maintained until confluency levels of 95-100% were reached. The results indicated
that a cell seeding density of 6000 cells/cm? produced confluent monolayers after 7 days of
culture (Table 1).
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Figure 1. In vitro comparative functional characterization of primary patient fibroblasts and FE002-
SK2 primary progenitor fibroblasts. (A1-A4) Endpoint imaging of Sirius Red staining for both
primary fibroblast types following 7 days of vitamin C induction in fibroblast proliferation medium.
Scale bars = 400 um for patient fibroblasts and 200 um for progenitor fibroblasts. (A5) Time-course of
collagen synthesis during vitamin C induction in fibroblast proliferation medium. (B1-B4) Endpoint
imaging of Sirius Red staining for both primary fibroblast types following 7 days of vitamin C
induction in keratinocyte proliferation medium. Scale bars =400 pum for patient fibroblasts and 200 um
for progenitor fibroblasts. (B5) Time-course of collagen synthesis during vitamin C induction in
keratinocyte proliferation medium. Results of the statistical analyses relative to collagen quantification
experiments under vitamin C stimulation are presented in Table S2. CTRL, control group; Vit C,
vitamin C.

Table 1. Quantitative results of the optimization study for the allogeneic FE002-SK2 primary progeni-
tor fibroblast expansion phase. For the needs of the experiments, cryopreserved FE002-SK2 primary
progenitor fibroblasts at passage level 10 were used as cell seeding materials.

Parameters Values/Results
Cell seeding density (viable cells/ cm?) 1500 3000 6000 20,000
Time to confluency (days) 12£2  10£2 71 4+£05
Medium exchange procedures (n) 5 4 3 2
Seeding lot size ! (10° cells) 2.8 5.6 11.3 37.5

! Calculated for 25 units of T75 cell culture flasks.
Notably, preliminary experiments had shown that a confluency level of 95-100%

was optimal before the initiation of vitamin C induction in order to obtain maximized
collagen synthesis. Therein, FE002-SK2 primary progenitor fibroblasts were found to
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spontaneously form multilayer sheets, which were assessed to optimally conform to the
considered subsequent use as a dermal template. The obtention of 95-100% confluent
cultures in 7 days was consistently achieved throughout passages 5-10 in the retained
experimental setup and up to passage 12 in GMP manufacturing campaigns (i.e., end of
production cell banks, EOPCB, Figure S4).

As previously reported, appropriate multi-tiered FE002 primary progenitor cell bank-
ing strategies enable the potential obtention of sufficient clinical grade materials to sus-
tainably produce hundreds of millions of cell-based therapies, largely outweighing the
number of patients that could practically be treated with such biologicals [39]. Within
clinical investigation protocols for PBB lot preparation, FE002-SK2 progenitor fibroblasts
are extemporaneously thawed to constitute the topical PBB constructs [37]. The cell-bearing
constructs are made available after 18-24 h for clinical application over the first two weeks
of patient treatment [37]. Therefore, additional FE002-SK2 primary progenitor fibroblasts
may be simultaneously initiated from storage, in view of parallel DE-FE002-SK2 construct
lot preparation for subsequent application.

The optimized FE002-SK2 primary progenitor fibroblast expansion data and the identi-
fied bottlenecks for CEA and CDEA production allowed for the establishment of a process
for DE-FE002-SK2 construct preparation under GMP (Table 1, Figure 2).

Specifically, initiation of FE002-SK2 cells for allogeneic dermal template preparation
may be performed at the same time as autologous epidermal biopsy harvesting (Figure 2).
As no dermal biopsy harvesting is necessary within the novel combinational protocol (i.e.,
use of allogeneic fibroblasts), the patient donor site morbidity factor is reduced (Figure 2).
Then, from a 4-10 cm? epidermal biopsy, autologous keratinocytes may be isolated and
expanded in vitro over a period of two weeks. This timeframe is sufficient for the par-
allel preparation of the allogeneic dermal template component (i.e., allogeneic fibroblast
proliferation and functional induction, Figure 2(A1,A2)). Once both components have
appropriately reached maturity, the expanded autologous keratinocytes are transferred via
cell seeding to the top of the allogeneic dermal template and the co-cultures are maintained
for one week before clinical delivery (Figure 2(C1)). In detail, DE-FE002-SK2 construct
delivery can be arranged after 4-7 days of the final co-culture to allow for flexible organiza-
tion of the reconstructive surgery. Overall and importantly, the optimized DE-FE002-SK2
manufacturing process enables clinical delivery within 16-21 days of autologous epidermal
biopsy harvest, which constitutes a significant improvement over the 6-8-week delay of
the standard CDEA manufacturing protocol (Figure 2).

3.3. DE-FE002-SK2 Constructs Display Structural Attributes Which Are Equivalent or Superior
to Fully Autologous CDEAs

Parallel preparation of CDEAs using the standard protocol and of DE-FE002-SK2
constructs using the established protocol enabled us to technically benchmark both complex
graft types using parametric gradings (Figure 2, Table 2).

Ilustrated records of these assessments are presented in Figure 3. In the allogeneic
dermal template group, vitamin C-induced FE002-SK2 primary progenitor fibroblasts
formed homogeneous multi-layers (Figure 3(A1)). The resulting sheets could then be
detached and were processed for analysis, which confirmed the homogeneity of important
structural attributes (Figure 3(A2,A3)).
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Figure 2. Schematic process detailing the parallel and sequential phases of DE-FE002-SK2 construct
preparation. (A1) Using optimized technical specifications, allogeneic FE002-SK2 fibroblasts are
expanded to confluency. (A2) For stimulation of collagen production, fibroblast cultures are treated
with vitamin C. (B1) Upon epidermal biopsy reception, autologous keratinocyte isolation is rapidly
performed. (B2) Autologous keratinocytes are cultured until the allogeneic dermal template is formed.
(C1) The allogeneic dermal template and the autologous epidermal components are combined and
further co-cultured in view of finished DE-FE002-SK2 construct formation. (C2) The excess autologous
keratinocytes are cryopreserved and may be subsequently used to rapidly prepare new batches of DE-
FE002-SK2 constructs. C, vitamin C; D, day; FIB, fibroblast proliferation medium; KER, keratinocyte
proliferation medium.
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Table 2. Comparative assessment of the attributes of autologous CDEAs and of autologous/allogeneic
DE-FE002-SK2 constructs. Assessments were recorded as mean multi-operator gradings at the end
of the dermal template formation phase and at the end of the combined construct formation phase.

CDEA, cultured dermo-epidermal autograft.

Gradings !
Process P ters Targets Method
arame ethods DE-FE002-SK?2
Phase CDEA Group 002-5
Group
Ma.nufacturmg Two weeks of culture Operator assessment +++
timeframe
Fibroblast monolayer Formation of a
. Operator assessment;
) formation after homogeneous cellular . ++ +++
= . ) microscopy
=, expansion ayer
% Dermal template sheet Formation of a dermal
= . . . Operator assessment;
— formation after vitamin template by collagen iy ++ +++
< . . . collagen staining
£ C induction synthesis
o)
A . Consist f d 1
: Homogeneity of the onsistency of derma Operator assessment;
— dermal template sheet template attributes over histolo ++ +++
p the whole surface 8y
Robustness of the POSSI].:)lhty to detach and Operator assessment;
manipulate the dermal . + ++
dermal template sheet handling
template
Manufacturi
anwiacturing One week of culture Operator assessment + 4+
timeframe
G Compatibility between Passive combination of
2 the dermal template and . Operator assessment;
B components in . ++ +++
7 autologous histology
=] . co-culture
S keratinocytes
3 Stratification of the Formation of a stratified =~ Operator assessment; N i
E epidermal component epidermal component histology
g .
. C t f truct
8 Homogeneity of the ONSIS SNEY OF construc Operator assessment;
. attributes over the . + ++
o construct histology
whole surface
Robustness of the Possibility to detachand ~ Operator assessment; . o

construct

manipulate the construct

handling

I Gradings were attributed as follows: (+++) = conforming, excellent performance; (++) = conforming, good
performance; (+) = conforming; (—) = non-conforming.

Then, transfer of patient primary keratinocytes to the top of the formed dermal tem-
plates resulted in appropriate passive combination during the co-culture phase
(Figure 3(B1-B3), Table 2). Importantly, it was confirmed that the epidermal component of
the DE-FE002-SK2 constructs was composed of stratified keratinocytes (i.e., after 1 week
of co-culture) and that the fully formed constructs could be detached and appropriately
manipulated (Figure 3(B3)). Overall, the gathered experimental data enabled a thorough
assessment of the DE-FE002-SK2 constructs, which display endpoint structural attributes
which are equivalent or superior to autologous CDEA constructs (Table 2, Figure 3).

3.4. DE-FE002-SK2 Constructs Display Enhanced Bio-Adhesive Functions on DED Compared
to CEAs

The important functional attributes of complex cell-based cutaneous grafts comprise
the maintenance of structural integrity during handling and administration, as well as
appropriate bio-adhesion and graft take. As DE-FE002-SK2 constructs could be rapidly
obtained, several construct attributes of translational and functional importance were
investigated further. Multiple CEA and DE-FE002-SK2 construct lots were prepared as
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described hereabove. The constructs were then transferred to a Vaseline gauze (i.e., trans-
port scaffold) and were deposited on top of 1.0-2.5 cm? DED models (Figure 4A,B). An
illustrated stepwise overview of the preparation process for the DED model is presented in
Figure S5.

Figure 3. Macroscopic and microscopic records of allogeneic dermal templates and of the DE-FE002-
SK2 constructs in formation. (A1) FE002-SK2-based dermal template following vitamin C induction.
Scale bar = 5 mm. (A2) Detached FE002-SK2-based dermal template in PBS. Scale bar = 5 mm.
(A3) Harris hematoxylin staining of the FE002-SK2-based dermal template. Scale bar =300 um.
(B1) Fully formed FE002-SK2-based dermal template after 1 day of co-culture with patient primary

keratinocytes. Scale bar = 5 mm. (B2) Combined DE-FE002-SK2 construct in co-culture following end-
point MTT staining. Scale bar = 5 mm. (B3) Harris hematoxylin staining of the fully formed combined
DE-FE002-SK2 construct, showing stratified epidermal component formation. Scale bar = 300 pm.
PBS, phosphate-buffered saline.

Then, the transport gauze could be easily removed and constructs could be observed
on top of the DED model (Figure 4A,B). Following topical graft application, the models were
maintained in air-liquid organoculture for one week. Upon endpoint MTT staining, it was
shown that the DE-FE002-SK2 constructs presented significantly enhanced bio-adhesion
attributes compared to the standard CEAs (Figure 4C). Specifically, construct adhesion
in the CEA group was found to be partial and inhomogeneous, with important CEA de-
tachment at the end of the organoculture phase (Figure 4(C1)). Conversely, complete and
homogeneous adhesion of the DE-FE002-SK2 preparations was observed (Figure 4(C2)).
Such differential results may potentially be partly explained at a molecular level by the
action (i.e., mediated by the presence of dermal fibroblasts) of basement membrane com-
ponents (e.g., integrins, laminins, growth factors), which are known to possess important
interface modulation functionalities [42]. Finally, comparative parametric assessments of
CEA and DE-FE002-SK2 constructs were performed in terms of translational and functional
attributes (Table 3).
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Figure 4. Assessment results of CEA and DE-FE002-SK2 construct adhesion capacities on a stan-
dardized ex vivo DED model. (A1,A2) Aspect of the DED model following topical CEA construct
application and following gentle removal of the transport gauze. Scale bars = 10 mm. (B1,B2) Aspect
of the DED model following topical DE-FE002-SK2 construct application and following gentle re-
moval of the transport gauze. Scale bars = 10 mm. (C1) MTT staining of the model from the CEA
group after 1 week of air-liquid organoculture, showing inhomogeneous graft take. Scale bar = 7 mm.
(C2) MTT staining of the model from the DE-FE002-SK2 group after 1 week of air-liquid organocul-
ture, showing homogeneous graft take. Scale bar = 7 mm. (C3) MTT staining of the model from
the DED control group after 1 week of air-liquid organoculture. Scale bar = 7 mm. CEA, cultured
epithelial autografts; DED, de-epidermalized dermis.

For further mechanistic investigation into the bio-adhesive properties of the DE-FE002-
SK2 constructs, the impact of autologous keratinocyte addition on the structural and
functional attributes of the allogeneic dermal template was assessed using the DED model.
Therefore, allogeneic dermal templates were prepared and divided into two groups. The
first group consisted of the allogeneic dermal template alone (i.e., without keratinocytes)
and the second group consisted of the fully formed DE-FE002-SK2 constructs. All samples
were placed on fresh DED models and maintained in organoculture for one week. Endpoint
MTT staining revealed that both experimental groups showed homogeneous adhesion on
the DED model (Figure 5A).

Furthermore, and importantly, H&E staining of histological sections showed that
both preparations presented multiple cell layers which were integrated within the DED
(Figure 5(B1,B2)). Notably, it was not possible to obtain the corresponding data for CEA
preparations, as these would not adhere to the DED model. Importantly, staining with
the p63 marker (which specifically identifies keratinocytes) was observed in the upper
to middle layers of the DE-FE002-SK2 preparations, confirming the bilayer structure of
the complex grafts (Figure 5(D2)). Finally, the results showed that Ki67-positive cells (i.e.,
proliferating cells) were present in both graft components, confirming the maintenance of
cellular functions following application on the DED (Figure 5(F1,F2)).
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Figure 5. Functional investigation results for allogeneic dermal templates and fully formed DE-
FE002-SK2 constructs on the ex vivo DED model. (A1-A3) MTT staining of the allogeneic dermal
template on the DED, the DE-FE002-SK2 construct on the DED, and the DED control group following
1 week of air-liquid organoculture. Scale bars = 5 mm. (B1,B2) H&E staining of the allogeneic
dermal template on the DED and the DE-FE002-SK2 construct on the DED. Scale bars = 150 pm.
(C) H&E staining of the normal skin control group. Scale bar = 150 pm. (D1,D2) P63 staining of
the allogeneic dermal template on the DED and the DE-FE002-SK2 construct on the DED. Scale
bars = 150 um. (E) P63 staining of the normal skin control group. Scale bar = 150 um. (F1,F2) Ki67
staining of the allogeneic dermal template on the DED and the DE-FE002-SK2 construct on the DED.
Scale bars = 150 um. (G) Ki67 staining of the normal skin control group. DED, de-epidermalized
dermis; H&E, hematoxylin and eosin.
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Table 3. Comparative assessment of translational and functional attributes of CEAs and DE-FE002-
SK2 constructs within the ex vivo DED model. Assessments were recorded as mean multi-operator
gradings at the time of construct topical application on the DED model and at the end of the
organoculture phase. CEA, cultured epithelial autograft; DED, de-epidermalized dermis.

Attrib Gradings !
ttribute
Parameters Targets Methods DE-FE002-SK?2
Type
CEA Group Group

g Transfer of the construct to Possibility to manipulate
5 . and transport the Operator assessment ++ +++
) a Vaseline gauze -
= construct using the gauze
E Application of the Simple topical application
e construct on the DED pie top PP Operator assessment +++ +++
S
S model on the DED surface
<
2 Applied construct Maintenance of construct
S structural integrity structural integrity on the ~ Operator assessment ++ ++
i maintenance DED model

Initial adhesion of the .

construct to the DED Construct adheres rapidly Operator assessment ++ ++
3 to the DED model
= model
2
E Endpoint homogeneous Construct adheres Operator assessment:
< adhesion of the construct homogeneously to the P MTT ’ - ++
E to the DED model DED model
S
B Endpoint homogeneous  Cellular metabolic activity
5 metabolic activity is significant and Operator assessment:
P throughout of the homogeneous throughout P MTT ! + +++
o construct on the DED the construct on the DED

model model

! Gradings were attributed as follows: (+++) = conforming, excellent performance; (++) = conforming, good
performance; (+) = unclear, additional data required; (—) = non-conforming.

Overall, it was confirmed that the bio-adhesive functions of DE-FE002-SK2 constructs
were conferred by the allogeneic dermal template, which enabled a significantly enhanced
graft take (Figures 4 and 5). Importantly, the results of ex vivo adhesion assays showed that
allogeneic dermal templates based on functionally induced FE002-SK2 primary progenitor
fibroblasts could potentially serve as standalone, rapidly obtainable under GMP, and uni-
versal dermal coverings for subsequent overlaying with a variety of epidermal substrates
(Figure 5).

4. Discussion
4.1. Historical Evolution and Technical Bottlenecks in Burn Patient Cytotherapeutic Care

Notable advances in burn care and plastic surgery and specific improvements to
techniques to assure tegument cover and quality have recently been emphasized [1-6].
Therein, a critical clinical objective is to cover the patient as rapidly as possible for optimized
infection control. Secondly, esthetic and functional outcomes have become key components
of modern rehabilitation pathways, as increasing numbers of severely burned patients
return to regular activities [27].

From a skin transplant point-of-view, early allotransplantation began over 60 years
ago, with hallmark advances made by Medawar in treating WWII burn victims [43]. He was
able to present data on immune tolerance and transplantation, which provided the notion
of immune privilege. He was awarded the Nobel Prize in 1960 for modern transplantation
immunology and for providing the fundamental basis for showing that skin from one
patient cannot be readily grafted to another patient [44]. Despite this described rejection
process, allogeneic skin is still widely used as a functional biological dressing for temporary
wound cover, assuring the necessary fluid balance and preparing the wound bed for
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subsequent autologous grafting and burn wound closure [17-19]. Conversely, allogeneic
skin grafts are not advantageous for long-term cover due to secondary graft rejection,
infection, and scar tissue formation [12,17,18].

Due to the lack of availability of human cadaver skin, development efforts have been
directed toward temporary skin covers using artificial or xenogeneic products. Widely
clinically applied porcine skin grafts (e.g., sterile and viable split-skin grafts from neonatal
pigs) have been continuously developed as a source of high-quality and functional cover-
ings for clinical use in human medicine [45,46]. More recently, natural sourcing of clinical
grade biological coverage materials has been demonstrated from Nile Tilapia fish (i.e.,
Orechromis niloticus) skin. Similarly, North Atlantic cod (i.e., Gadus morhua) skin was first
approved by the US FDA in 2013 (i.e., Kerecis Omega 3 dressings) despite the higher costs
if used to treat high-TBSA burn patients [47-49]. From a cytotherapeutic viewpoint, several
literature reviews have described the evolution of autologous keratinocyte culture use
for severe burn wound management [1-4,21-24]. Despite the availability of formulation
options (e.g., cell sheets and cell sprays), several weeks of culture remain necessary for
therapeutic cell manufacture [24,27-30]. Notably, several clinical groups have studied
the use of allogeneic keratinocytes (i.e., cultured and frozen) for initial treatments, yet
these preparations tended to behave like cadaver skin and had to be replaced rapidly with
autologous preparations [18].

Alternative projects have focused on genetically modified keratinocytes isolated from
allogeneic sources [50]. Despite substantial progress in understanding immune competence
and graft rejection, it is not yet possible to achieve immune compatibility [51]. Further
understanding of immunological responses to modified allogeneic keratinocytes will help
to develop potential clinical applications. Therefore, a variety of experimental methods
are currently studied to obtain allogeneic keratinocytes which can be used universally
and that may overcome host cellular immune responses [52]. However, depending on
the experimental methods (e.g., use of viral vectors), other safety issues arise, such as the
duration of transgene expression, vector immunogenicity, and vector tropism.

4.2. Transitioning to Complex Cutaneous Grafts for Enhanced Burn Victim Clinical Outcomes

Translational research groups have focused on artificial dermal matrices developed
with collagens, polymers, and foams, which are adapted for association with therapeu-
tic cell sources [2,4,6-8,10]. Therein, degradation of exogeneous substrates and parallel
remodeling of autologous tissues are key factors. The overall performance in esthetics,
functionality, and immune compatibility determines the level of success of allogeneic skin
graft approaches [27,29-31]. Notably, there have been many efforts directed toward the
development of dermal substitutes [2,11]. While several products are clinically investigated
and marketed, there is no commercially available substrate which can sufficiently restore
the functions of the skin. Specifically, an optimal substitute should ensure early restoration
of anatomical and physiological skin functions, a feat which can currently only be provided
by using a full-thickness skin graft or flap reconstruction protocols [11,12].

Therefore, strong emphasis has been placed on cultured cells to reconstitute an op-
timized tegument, with or without a dermal substrate or template [3-5,9,12,22]. From
a functional and esthetic standpoint, it is generally accepted that including a dermal
component (i.e., such as dermal fibroblasts) would significantly aid in graft take. This
combinational approach has been studied using various allogeneic tissues and autologous
cells, yet technical bottlenecks remain (i.e., differences in manufacturing timeframe require-
ments) [21-24,26,27,33]. Therefore, much room remains for further cutaneous cell therapy
optimization, primarily to ensure full wound closure in a short time-period following
injury to decrease the risk of infection.

As regards the use of allogeneic skin grafting materials in the Lausanne Burn Center,
initial case studies date back to 1992 [17]. These cases were managed using the Cuono
technique, with allogeneic cadaver skin bearing cultured autologous keratinocytes. The
need for immunosuppressive therapy was evident due to the grafting of cadaver skin.
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Similarly, Damour et al. employed cultured allogeneic keratinocytes (i.e., the adapted
Cuono technique) in 18 burn patients from 1998 to 2000 in France [18,19]. Namely, from
one single cadaver, they were able to culture 30 m? of epidermis [18]. Based on these
advances, the standard CDEA protocols were developed and implemented in the CHUV in
1998, enabling the elimination of cadaver skin and the inclusion of functionally induced
fibroblasts as dermal template components [20,27]. As the original protocols of Reinwald
and Green for CEA preparation had already been implemented in the CHUV in 1985, early
and rapid clinical adoption of novel topical cell therapies has constituted a landmark in
Lausanne [13-17].

From a technical standpoint, a major drawback linked to the inclusion of autologous
dermal fibroblasts in the CDEA manufacturing process is the lengthy manufacturing
timeframe (i.e., practically doubled compared to CEAs). Of note, CEA manufacture was
reported to require an average of 22.9 &+ 4.2 days, while CDEA manufacture required
an average of 50.0 &= 8.5 days in a patient cohort study from 2016 to 2018 (Table S1) [27].
Therefore, patients were transiently covered with Integra matrices before the CDEA cultures
were ready for use. Additionally, clinically available cell therapy quantities are technically
limited by the respective manufacturing lot sizes. Therein, a maximum of 0.4 m? of skin
grafts may be manufactured at one given time (i.e., approximately 50 units of T75 culture
flasks for CEAs and 40 units of T75 culture flasks for CDEAs, Table S1) [27]. Therefore,
alternative and readily available (e.g., off-the-freezer) therapeutic cell sources would be of
particular importance in the early management of severe burn trauma and could potentially
help save lives.

4.3. Dermal Components Are Necessary for High-Quality Closure of Extensive and Deep Burns

Skin grafting is mandatory in extensive, deep second and third degree burns because
the endogenous cellular components necessary for cutaneous regeneration are damaged.
Extensive burns generate a disturbance of tissue oxygenation as well as fluid and protein
losses, which increase the risk of dehydration and infections. This is why it is important to
rapidly cover the wounds to support their repair and limit the related consequences. We
have previously reported the surgical management of two seriously burned patients (i.e.,
92% and 90% TBSA, respectively) with a 17-year interval [27]. Differences in treatment
regimens led to a significant difference in hospitalization stay. Therein, the first patient
benefited from both CEA and CDEA preparations at various stages of surgical reconstruc-
tion [27]. The second patient was able to benefit from early allogeneic cellular therapies
with the use of PBBs to replace cadaver skin and to prepare the wound beds [27].

The second patient was subsequently treated with CEA preparations only (i.e., no
CDEAs), as his hospital stay in the ICU was reduced to 76 days compared to 162 days for
the first patient [27]. Standardized monitoring of skin reconstruction quality revealed that
the use of CDEAs resulted in a markedly superior cosmetic appearance and a significantly
higher elastic recovery as compared to CEA use only (Figure S6). These findings indicated
that by reconstructing dermal and epidermal structures, both esthetic and significant
functional improvements could additionally be obtained over time. These in-house clinical
observations were in line with those of Lamme et al., who noted that the improvement
in wound healing was correlated with higher numbers of fibroblasts within the applied
dermal substitute [34]. Therefore, the use of appropriate dermal components in complex
wound care may demonstrably enhance quality-related clinical outcomes.

4.4. Allogeneic FE002-SK2 Primary Progenitor Fibroblasts Have Been Extensively
Clinically Tested

Primary progenitor cells are differentiated cells, notably differing from stem cells in
terms of differentiation potential [35]. They are highly resistant to oxidative stress and
have minimal nutritional requirements, while having high proliferation potentials and
low immunogenic properties [39]. Formulated in temporary topical PBB constructs, such
cells are thought to mainly act by means of tissue repair/regeneration mediation [35,37,39].
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The absence of therapeutic cell engraftment was evidenced in early clinical studies, where
biopsies were harvested from a female patient having received multiple male progenitor
cell topical applications [35]. Such elements were considered positively from a safety
viewpoint, in conjunction with the fact that no clinical evidence of immunological rejection
of primary FE002 cells was reported to date [37,53]. Specifically, the immune privilege of
FE002 primary progenitor cells and of similar cell sources was studied in vitro (e.g., optimal
HLA marker panels) and using various immunological settings in vivo (e.g., use of FE002
primary chondroprogenitors in caprine and mice models) [35,39,54,55]. However, while
the considered DE-FE002-SK2 constructs (i.e., tissue engineering products) are designed
to engraft in the host, further long-term in vivo studies would be warranted to optimally
document safety attributes, building on the existing body of knowledge around FE002
allogeneic biologicals [53].

The main therapeutic objective of using PBBs is to stimulate the natural cutaneous
healing process of treated burn wounds during the first ten to twelve days, and thus
potentially avoid the need for an autograft or at least reduce the size of the grafted area.
Subsequently, in cases where skin autografts are required, PBBs may be further applied
for promoting re-epithelialization of donor site wounds. It was shown that the early use
of PBBs resulted in the promotion of a qualitatively enhanced cutaneous healing process,
with drastically improved esthetic and functional outcomes, and reduced the need for
subsequent corrective interventions [4,5,37]. From a therapeutic viewpoint, PBBs were
developed and have been clinically applied in Lausanne since 2000-2005 [37]. Therein,
no safety-related concerns have been raised and an enhanced repair tissue quality was
evidenced [37]. From a regulatory standpoint, the use of FE002-SK2-based therapeutic
materials in clinical investigation settings has thus far been approved by the US FDA, the
Taiwanese FDA, the Japanese PMDA, and Swissmedic [39].

Based on the available scientific, technical, and clinical hindsight on the clinical
grade FE002-SK2 primary progenitor cell source, its inclusion as a dermal component of
a novel combinational cutaneous graft (e.g., DE-FE002-SK2 construct) may tangibly be
considered [35-39]. Notably, in vitro functional induction of dermal fibroblast sources has
been reported since the early 1970s, when it was shown that vitamin C could enhance
collagen synthesis [40]. Individual experiments comparing adult fibroblasts to FE002-SK2
primary progenitor cells showed that the FE002 progenitor cells possess significant innate
collagen synthesis capacities (Figure 1). Such attributes were further studied, harnessed,
and potentiated in the present study for the obtention of standardized and optimized
functionality within allogeneic dermal template manufacturing (Figure 2).

4.5. DE-FE002-SK2 Constructs: Technically Enhanced Modern Alternatives to Standard
CDEA Protocols

Vitamin C is known to functionally enhance extracellular matrix formation in vitro,
whereas the FE002-SK2 cells constitutively possessed higher collagen production and
deposition activities compared to patient fibroblasts (Figure 1). Stimulation with vitamin
C potentiated extracellular matrix formation by the allogeneic cells, and enhanced bio-
adhesion attributes of the DE-FE002-SK2 constructs were recorded (Figures 1, 4 and 5).
Notably, the ex vivo DED model suggested an enhanced DE-FE002-SK2 graft take over
CEAs, which have been used locally and internationally (supplied by the Lausanne Burn
Center, e.g., Zurich-based clinical centers, UK, or Finland) as a standard of care. From a
technical standpoint, while the retained MTT readout provided only basic information
about the mitochondrial activity of the cells, the simplicity of the assay and the visual
assessment of cellular presence and cellular homogeneity were assessed to be appropriate
within the scope of the present proof-of-concept work (i.e., functionality optimization at
the construct level).

Multiparametric advantages were set forth herein around the use of FE002-SK2 cells
over autologous fibroblasts (i.e., sustainable off-the-freezer cell source, rapid production,
constitutive collagen synthesis, and enhanced bio-adhesiveness). Comparative parametric
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assessments of CEAs or CDEAs and DE-FE002-SK2 constructs were performed in terms
of translational and functional attributes (Tables 2 and 3). Importantly, the structural
integrity maintenance of the DE-FE002-SK2 constructs during standard handling (i.e.,
manufacturing- and clinical-application-related handling) was confirmed. Specifically,
matured constructs (i.e., about 10-50 cm?) must be able to resist harvest, physical transfer
and stapling to the Vaseline gauze, and transport to the clinic. Therefore, the DE-FE002-
SK2 preparations displayed superiority in structural integrity retention over the CEA
preparations, most likely partially due to the additional thickness/sturdiness of the complex
cell sheet. Finally, as concerns the treatment of large TBSA burns, multiple DE-FE002-SK2
grafts would need to be serially manufactured and parallelly clinically applied, similarly to
existing CDEA protocols. Therein, while the proposed bi-component cell-based constructs
may even become available too early in the clinical pathway of severe burn patients
(i.e., depending on the resuscitation and stabilization phases, with surgical wound bed
preparation), their early use as temporary coverages and wound healing enhancers (i.e.,
first weeks of treatment) may potentially be considered. By extension, the proposed DE-
FE002-SK2 constructs may also potentially be used in alternative complex and moderate
cases of cutaneous affections (e.g., chronic lower limb ulcers) requiring high-quality repair
interventions, taking as an example the clinical diversification already implemented in
Lausanne for PBB constructs [53].

Overall, the original data reported herein have confirmed that the proposed use of
allogeneic dermal progenitor fibroblasts within complex cutaneous graft manufacture
addresses two critical issues of clinical relevance. Namely, the rapidity of wound coverage
may be enhanced (i.e., off-the-freezer cell stock) and the structural /functional quality of
cutaneous tissular repair may potentially be further optimized (i.e., early use of a dermal
component and enhanced graft take). While further studies and in vivo investigative
work are warranted for the proposed DE-FE002-SK2 constructs, transposition to GMP
manufacturing settings and large-scale clinical translation are inherently confirmed by the
locally acquired experience of the authors in cutaneous cytotherapies (i.e., CEAs, CDEAs,
and PBBs). Such considerations further strengthen the rationale for working towards
autologous to allogeneic clinical protocol transpositions, as the potential technical and
clinical benefits are significant and quantifiable.

4.6. Study Limitations and Future Perspectives

Differential cell-based management approaches depend on the extent, depth, and
related complications of the burn wounds. Overall, novel solutions may contribute to
accelerating the recovery of burn wounds and to shortening wound healing processes, ide-
ally with an improved quality of cutaneous scarring. Despite the technical and functional
advantages of the DE-FE002-SK2 constructs, the latter remain limited by the simplicity of
their cellular constituents and therefore do not optimally mimic healthy human skin. Fur-
ther developments of grafts including more complex skin structures such as melanocytes,
sweat glands, hair follicles, blood vessels, and lymphatic capillaries are needed, yet current
approaches in this domain still lack robust clinical data [56-59]. From a transpositional
viewpoint, such biomimicking applications would also require up-scaling, which will in all
probability be limited by available manufacturing capabilities. Furthermore, an optimized
scaffold or matrix for simplified graft preparation and delivery would be of high interest
(i.e., in replacement of the Vaseline gauze). Appropriate scaffolds could potentially include
thermolabile hydrogels for handling of the cell sheet or a biodegradable scaffold which
could easily be removed during bandage exchanges.

From a methodological standpoint, the use of simple readouts in this study and related
descriptive analyses did not enable us to characterize the mechanisms of action or the
internal functional attributes of the proposed DE-FE002-SK2 constructs. Specifically, the
scope of the present proof-of-concept work was built around function-oriented manufac-
turing process optimization, with a focus on manufacturing timeframe rationalization.
Therefore, further investigation of the proposed DE-FE002-SK2 constructs at fundamental
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and mechanistic levels (i.e., using complementary biochemical, genomic, and proteomic
methods) will allow for the optimal characterization of the proposed constructs and a tenta-
tive explanation of the mechanisms of action [60]. While the critical functional attributes of
the complex grafts were confirmed (e.g., bio-adhesion capacities) in comparison to CEA or
CDEA elements, the use of alternative methods for cellular activity determination (i.e., to
complement the basic MTT readout) will potentially yield an enhanced understanding of
key and critical functional attributes to eventually augment the quality of clinical outcomes.
Therein, in addition to primary efficacy outcomes (e.g., time to complete wound closure),
specific secondary outcomes related to the quality of tissular repair (e.g., biomechanical
analysis of repaired skin and re-operation rates) are of prime interest for pertinent tissue
engineering product efficacy benchmarking.

5. Conclusions

The aim of this study was to establish proofs-of-concept for a novel combinational
topical tissue engineering product in view of clinical cutaneous cytotherapy workflow
rationalization. Extensive local technical and clinical hindsight on the use of autologous
and allogeneic skin cell sources for burn wound management was harnessed for the new
manufacturing process design. It was first demonstrated that allogeneic FE002-SK2 dermal
progenitor fibroblasts could be used instead of autologous fibroblasts for functional dermal
template preparation, starting from a standardized cryopreserved source. Then, it was
shown that DE-FE002-SK2 constructs could be manufactured in a condensed timeframe
of 3 weeks, constituting a major technical advantage over the current 6-8-week-long fully
autologous protocol. Ex vivo, the DE-FE002-SK2 constructs were found to be structurally
equivalent to standard CDEAs and possessed enhanced bio-adhesion attributes compared
to standard CEAs. Generally, the presented work constitutes a technical basis for further
GMP transposition of the combinational DE-FE002-SK2 construct in view of investigative
clinical work. Importantly, tangible consideration of the switch toward allogeneic cell
sources for dermo-epidermal graft manufacture has been enabled by the landmark use of
dermal progenitor fibroblasts (e.g., FE002-SK2 cell source) for burn wound care over the
past decades in Lausanne. Overall, the rationalized manufacturing timeframes presented
herein bear the potential to significantly optimize severe burn patient cytotherapeutic
management workflows, potentially enabling faster wound closure and enhanced tissular
healing quality.
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Abbreviations

CDEA cultured dermo-epidermal autograft

CEA cultured epithelial autograft

CHUV Centre Hospitalier Universitaire Vaudois

DED de-epidermalized dermis

DE-FE002-SK2  bioengineered skin graft based on cultured allogeneic fibroblasts and autologous
keratinocytes

DMEM Dulbecco’s modified Eagle medium

DMSO dimethyl sulfoxide

ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

EOPCB end of production cell bank

FBS fetal bovine serum

FE002-SK2 clinical grade primary progenitor fibroblast cell source

GMP good manufacturing practices

H&E hematoxylin and eosin

MCB master cell bank

PBB progenitor biological bandages

PBS phosphate-buffered saline

PCB parental cell bank

TBSA total body surface area

UK United Kingdom

USA United States of America

WCB working cell bank
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Abstract: Background/Objectives: Age-related macular degeneration (AMD) and retinitis pigmen-
tosa (RP) are leading causes of vision loss, with AMD affecting older populations and RP being a
rarer, genetically inherited condition. Both diseases result in progressive retinal degeneration, for
which current treatments remain inadequate in advanced stages. This review aims to provide an
overview of the retina’s anatomy and physiology, elucidate the pathophysiology of AMD and RP,
and evaluate emerging cell-based therapies for these conditions. Methods: A comprehensive review
of the literature was conducted, focusing on cell therapy approaches, including embryonic stem
cells (ESCs), induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), and retinal
progenitor cells. Preclinical and clinical studies were analyzed to assess therapeutic potential, with
attention to mechanisms such as cell replacement, neuroprotection, and paracrine effects. Relevant
challenges, including ethical concerns and clinical translation, were also explored. Results: Cell-
based therapies demonstrate potential for restoring retinal function and slowing disease progression
through mechanisms like neuroprotection and cell replacement. Preclinical trials show promising
outcomes, but clinical studies face significant hurdles, including challenges in cell delivery and long-
term efficacy. Combination therapies integrating gene editing and biomaterials offer potential future
advancements. Conclusions: While cell-based therapies for AMD and RP have made significant
progress, substantial barriers to clinical application remain. Further research is essential to overcome
these obstacles, improve delivery methods, and ensure the safe and effective translation of these
therapies into clinical practice.

Keywords: stem cells; mesenchymal stromal cells; cell therapy; gene therapy; retinal degenerative
diseases; age-related macular degeneration; retinitis pigmentosa; embryonic stem cells; induced
pluripotent stem cells; retinal progenitor cells; photoreceptor replacement; neuroprotection; paracrine
effects; clinical trials

1. Introduction

Retinal degenerative diseases, including age-related macular degeneration (AMD)
and retinitis pigmentosa (RP), are significant contributors to vision loss, affecting millions
of people worldwide. AMD is particularly prevalent among older populations, while RP,
though rarer, is a genetically inherited condition that progressively impairs vision. Despite
advancements in ophthalmology and ocular pharmacology, effective treatments for these
conditions remain limited, especially in the later stages of the disease.

Cell-based therapies have emerged as one of the potential solutions to address the
complex challenges of retinal degeneration, offering the potential to replace or repair
damaged retinal tissues, thereby restoring vision or at least halting further degeneration.
This review provides a comprehensive examination of the anatomy and physiology of
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the retina, the pathophysiology of AMD, RP, glaucoma, and Stargardt disease, and the
latest developments in cell therapy strategies, including the use of embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), and
progenitor cells.

A key focus of this review is on the most recent preclinical and clinical studies pub-
lished within the last few years, reflecting the rapid advancements in the field. We explore
the underlying mechanisms of action, such as cell replacement, neuroprotection, and
paracrine effects, and discuss the challenges of translating these therapies from the labo-
ratory to the bedside. We discuss future directions, including innovations in cell delivery
techniques, combination therapies, and the ethical considerations surrounding stem cell
use in retinal treatments. This review article aims to provide a clear understanding of the
current state and future potential of cell therapy for retinal degenerative diseases.

2. Anatomy and Physiology of the Retina
2.1. Structure of the Retina and Choroid

The retina is an intricate structure composed of 10 neuronal layers and 6 different cell
lines (Figure 1). Layers are connected to one another via synapses and each cell line plays a
role in detecting variations and movements of light [1]. These cells include photoreceptor
cells, horizontal cells, bipolar cells, amacrine cells, and retinal ganglion cells.

Structure of the Light
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Figure 1. The retina consists of 10 layers: the inner limiting membrane, nerve fiber layer, ganglion
cell layer, inner plexiform layer, inner nuclear layer, middle limiting membrane, outer plexiform layer,
outer nuclear layer, external limiting layer, and photoreceptor layer. It also consists of 6 cell types:
ganglion, amacrine, bipolar, horizontal, and photoreceptor cells. Reprinted from “Structure of the
Retina”, by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates
accessed on 15 August 2024.

Photoreceptor cells include rods and cones. Rod cells comprise about 95% of photore-
ceptors in the retina and register low-light levels, helping to create scotopic vision [1]. Rods
are concentrated in the periphery of the retina, with cone cells being concentrated in the
retinal center, in the macula. Cone cells comprise about 5% of the retinal photoreceptors.
Cone cells aid in processing color vision at various light levels and allow for greater spatial
acuity, providing information for fine details, movement, and colors.

Horizontal cells are located between bipolar cells and photoreceptors. They provide
inhibitory feedback to bipolar cells, rods, and cones and help the eyes adjust to low light
and bright light [1]. Bipolar cells receive glutamatergic input from rods and cones and
GABAergic inhibitory input from horizontal cells. They project their axons to retinal
ganglion cells, providing glutamatergic inputs. Bipolar cells are present in the inner
plexiform layer of the retina and link the outer and inner layers of the retina. Amacrine
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cells inhibit bipolar cells before the synapse at the inner plexiform layer. Retinal ganglion
cells are photosensitive and assist with circadian rhythm, melatonin release, and regulation
of pupil size.

Various retinal cells can be damaged in different ocular and retinal diseases. For exam-
ple, retinitis pigmentosa (RP) primarily affects the rod cells, leading to their degeneration;
glaucoma results in the destruction of retinal ganglion cells due to optic nerve damage; and
in age-related macular degeneration (AMD), the compromised function of retinal pigment
epithelial (RPE) cells leads to photoreceptor loss.

2.2. Retinal Blood Supply

The retina has a dual blood supply as it has the highest rate of oxygen consumption in
the body. The dual blood supply is received by the choroid and branches of the ophthalmic
artery, which arises from the internal carotid artery, giving rise to the central retinal artery
and posterior ciliary arteries [1]. The central retinal artery provides blood to the inner
retina. The posterior ciliary artery divides into short and long posterior ciliary arteries and
provides blood flow to the outer retina. Retinal blood flow is typically low and influenced
by local factors such as nitric oxide, prostaglandins, endothelin, and arterial carbon dioxide
tension [2]. On the other hand, the choroid has high blood flow and low oxygen content.
The choroid forms the posterior part of the uveal tract and receives blood supply from the
long and short posterior ciliary arteries, nourishing the outer layers of the retina.

The blood-retina barrier is composed of the inner and outer blood-retinal barriers.
The outer blood-retina barrier regulates transportation across the choriocapillaris and
the retina, while the inner blood-retina barrier regulates transportation across the retinal
capillaries [3]. The outer-blood retina barrier is formed at the RPE [3]. The inner is formed
of very tight junctions and consists of Muller cells, which help support barrier function in
the retina. An important fact of the neural retina is that it has immune privilege, proving it
a suitable site for cell transplantations [4].

3. Retinal Degenerative Diseases

Millions of people worldwide are impacted by retinal degenerative diseases, which
are a leading cause of vision loss and blindness [5]. This section provides an overview
of prominent retinal degenerative disorders: age-related macular degeneration (AMD),
retinitis pigmentosa (RP), glaucoma, and Stargardt disease (SD).

3.1. Age-Related Macular Degeneration (AMD)

Age-related macular degeneration is a leading cause of blindness globally, especially
in the West [5]. It is associated with the degeneration of the macula, a region of the retina
important for central vision and home to a large number of cone photoreceptors [6]. The
macula also includes the fovea, which is the center of the macula. There are two types of
AMD: dry AMD and wet AMD.

More than 90% of AMD patients experience dry AMD, sometimes referred to as
nonexudative or non-neovascular AMD [7]. Although it usually advances gradually over
decades, it can eventually lead to wet AMD. The thickening of the Bruch membrane
resulting from the build-up of drusen (lipid and protein deposits) between the Bruch
membrane and the retinal pigment epithelium (RPE) is a characteristic of dry AMD [8].
Retinal degeneration and atrophy are the results of this accumulation [7].

Wet AMD, or exudative/neovascular AMD, accounts for approximately 10-15% of
AMD cases but is responsible for the majority of severe vision loss associated with the
condition. [7]. Unlike the dry form, wet AMD progresses rapidly, often leading to significant
vision loss within weeks to months. The hallmark of wet AMD is the development of
choroidal neovascularization (CNV), where new, abnormal blood vessels grow from the
choroid through defects in the Bruch’s membrane into the subretinal space. These vessels
are prone to leakage of blood, lipids, and fluids, which can cause retinal pigment epithelium
(RPE) detachment and photoreceptor damage. The role of the Vascular Endothelial Growth
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Factor (VEGF) is crucial in this process, as it promotes the growth and permeability of these
abnormal blood vessels. The leakage from these fragile vessels leads to the accumulation
of fluid and blood, resulting in rapid vision deterioration if left untreated [9].

The incidence of AMD increases after the age of 50. Risk factors for AMD include
aging, blue-colored eyes, Caucasian ancestry, family history, sun exposure, smoking, alcohol
intake, high blood pressure, obesity, and diabetes [10]. Clinical signs include increasing
loss of central vision, trouble focusing on tasks, decreased night vision, trouble adjusting to
light, fluctuating vision, and metamorphopsia [11]. Four groups can be used to categorize
AMD severity (Figure 2): Group I consists of five to fifteen small lesions; early-stage AMD
is characterized by more than fifteen small lesions or fewer than twenty medium-sized
lesions; the intermediate stage is characterized by at least one large lesion or more than
twenty medium-sized lesions or non-central geographic atrophy (GA); and the advanced
stage is characterized by central geographic atrophy or wet AMD [12].

Stages of Age-Related Macular Degeneration(AMD) and Associated Clinical Features

Early-Stage AMD Intermediate-Stage AMD Advanced-stage AMD: Wet-AMD (Neovascular)
Dry AMD

Five to fifteen Minimal or no vision loss, Moderate vision loss, difficulty  Significant vision loss, Rapid vision loss, possible
small lesions with the presence of small  seeing in low light, and an central vision distortion of central vision,
drusen: increased number of medium- affected, and and presence of choroidal
e >15small lesions OR sized drusen: presence of large neovascularization
e <20 medium-sized o At least one large lesion OR  drusen or central GA
lesions e More than 20 medium-sized
lesions OR
¢ Non-central geographic
atrophy (GA)

Figure 2. The progressive stages of age-related macular degeneration (AMD) and the associated
clinical features. Adapted from the “Non-Alcoholic Fatty Liver Disease (NAFLD) Spectrum”, by
BioRender.com (2024). Retrieved from https:/ /app.biorender.com /biorender-templates, accessed on
15 August 2024.

The available preventive treatment options for dry age-related macular degeneration
include dietary supplements containing vitamin E, vitamin A, zinc, cupric oxide, lutein,
zeaxanthin, and omega-3 fatty acids, as well as lifestyle changes like alcohol and smoking
cessation [12]. Anti-VEGF therapy, which involves monthly injections of ranibizumab,
bevacizumab, or aflibercept, is used to treat wet AMD [10]. Anti-VEGF therapy improves
visual acuity or, at the least, it stabilizes the neo-vascularization response in a larger number
of individuals [13].

3.2. Retinitis Pigmentosa (RP) (Disease)

Retinitis pigmentosa (RP) is a group of genetic disorders characterized by the degener-
ation of photoreceptors in the retina, primarily affecting rods more than cones [14]. It is the
most prevalent retinal illness that is inherited, and it can be X-linked, autosomal recessive,
or autosomal dominant. In total, 1 in 5000 persons have RP, and 1 in 100 people are carriers
of the disease.

Mutations cause retinal photoreceptors to undergo apoptosis, which in turn causes
neighboring cells to undergo secondary apoptosis [14]. As a result, melanin deposits
into perivascular regions and RPE cells separate, resulting in the formation of distinctive
pigmented deposits. In spite of the term, apoptosis is the main step; inflammation is
negligible. Clinical signs include flashes of light (photopsia), reduced peripheral vision
leading to central vision loss, and decreased night vision (nyctalopia), which can proceed
to complete night blindness.
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Current therapeutic modalities for RP include supplementation with Vitamin A and
E, which may slow progression in some cases [14]. The prognosis is generally poor for
X-linked RP, while autosomal dominant RP has a better prognosis.

Although we have yet to develop a treatment that can restore vision for those suffering
from end-stage geographic atrophy due to severe dry AMD or end-stage RP, ongoing
research into cell therapy offers hope and will be discussed in detail in the next section.

3.3. Glaucoma

Glaucoma is a collection of eye conditions that, if untreated, frequently cause irre-
versible vision loss due to gradual damage to the optic nerve [15]. Elevated intraocular
pressure (IOP) is the most prevalent cause; however, normal-tension glaucoma, in which
optic nerve damage develops despite normal IOP levels, can also happen [16]. The tra-
becular meshwork’s resistance to the aqueous humor’s outflow usually results in a rise in
intraocular pressure [17]. Retinal ganglion cell (RGC) axons, which carry visual information
from the retina to the brain, are harmed by this mechanical stress on the optic nerve head
caused by the elevated pressure [18]. These axons’ function is disrupted by compression,
gradually impairing vision [18]. Damage to the optic nerve mostly affects the optic nerve
head, resulting in a distinctive pattern of loss of peripheral vision that may eventually
lead to tunnel vision or total blindness [15]. RGC degeneration is believed to be facilitated
by oxidative stress, neuroinflammatory processes, and mechanical injury [19]. It is well
recognized that inflammatory mediators and free radicals aggravate the damage and hasten
the course of glaucoma [19].

In order to halt the advancement of optic nerve damage, the main goal of current
therapeutic therapies for glaucoma is to reduce IOP [20]. Medications such as carbonic
anhydrase inhibitors, beta-blockers, and prostaglandin analogs, which either increase aque-
ous humor outflow or decrease fluid production, are commonly used as therapies [20]. A
different drainage channel for the aqueous humor can also be created by surgical proce-
dures like trabeculectomy or laser therapy [21]. Nevertheless, the damage already done
to the optic nerve cannot be undone by these treatments; they can only control the illness.
In addition, patients may find it difficult to follow long-term prescription regimens, and
complications from surgery are a possibility. Therefore, the creation of cell-based treatments
appears promising for those suffering from glaucoma. The goal of stem cell treatments is
to repair or preserve injured retinal ganglion cells while regaining the function of the optic
nerve. Although these treatments are still in the preliminary stages, they present a viable
future option that might not only cure optic nerve damage and restore lost cells, but also
halt the progression of the disease [22].

3.4. Stargardt Disease (SD)

The most prevalent type of inherited macular degeneration is called Stargardt disease,
and it is mainly brought on by mutations in the ABCA4 gene [23]. The protein that this gene
produces is in charge of removing harmful byproducts from photoreceptor cells during
the visual cycle [24]. These byproducts, especially lipofuscin, accumulate in the retinal
pigment epithelium (RPE) as a result of mutations in ABCA4. Both the RPE cells and
the photoreceptor cells that depend on the RPE for vital metabolic support are severely
damaged by the accumulation of lipofuscin [24]. Cone photoreceptors in the macula, which
are in charge of central vision, gradually deteriorate as a result of lipofuscin buildup. The
end outcome of this process is a progressive loss of color vision, light sensitivity, and visual
acuity [23]. Lipofuscin’s harmful actions exacerbate the degeneration by hindering the
RPE’s capacity to preserve the health of the photoreceptor cells [24]. As a result, peripheral
vision usually remains intact, while central vision gradually disappears [23]. Due to the
degenerative nature of Stargardt illness, many people have severe vision loss early in life,
especially in youth [23].

Currently, Stargardt disease cannot be stopped from progressing further or reversed
using an approved medication [23]. Supportive therapies may assist with managing
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symptoms but do not address the underlying pathophysiology. Examples of these therapies
include the use of low-vision devices and light protection [23]. Clinical trials are still in
progress for gene therapy to fix abnormalities in the ABCA4 gene [25]. The shortcomings of
existing treatments highlight the possibility of cell-based therapeutics as a future modality.
Damaged retinal tissue may regain its ability to function through cell replacement therapies,
such as the transplanting of healthy RPE or photoreceptor cells made from stem cells. While
more investigation is needed to address issues with cell survival, integration, and immune
response, cell-based therapies offer patients with Stargardt illness a promising path toward
retinal cell regeneration and vision preservation.

4. Types of Cell Therapies

With the potential to replace or repair damaged retinal cells, cell therapy holds great
promise for the treatment of retinal degenerative illnesses [26]. The several kinds of cell
therapies (Figure 3) that are presently being researched and developed are examined in
this section.

Retinal Degenerative Therapies for Retinal Healthy Retina
Disease : A
Degenerative Diseases
]

{ } !

Stem Cell-Based Therapies  Progenitor Cell-Based Therapies Gene-Edited Cell Therapies

%% “\ CRISPR/Cas9
). @F v/_/~'/
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Embryonic Stem Retinal Progenitor
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Induced Pluripotent|
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Sl = Neural Progenitor
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Figure 3. Cell-based therapies for retinal degenerative diseases. Adapted from “Immunother-
apy Overview”, by BioRender.com (2024). Retrieved from https:/ /app.biorender.com/biorender-
templates accessed on 15 August 2024.

4.1. Retinitis Pigmentosa (RP)
4.1.1. Embryonic Stem Cells

Embryonic stem cells (ESCs) are pluripotent cells derived from early-stage embryos.
They have the capacity to differentiate into any cell type, including specialized retinal cells
such as photoreceptors, retinal pigment epithelial (RPE) cells, and ganglion cells. This
versatility makes ESCs a vital tool in regenerative medicine, notably for treating complex
retinal degenerative diseases like age-related macular degeneration (AMD) and retinitis
pigmentosa (RP). Although ESCs are very adaptable, transplanting them into patients
carries a risk of immunological rejection and ethical issues [27]. Since ESCs are usually not
produced from the patient’s own cells, the transplanted cells run the risk of being recognized
as foreign by the immune system, which could lead to an immunological reaction against
them [27]. This may result in the transplanted cells being rejected, which would lessen the
therapy’s efficacy and possibly inflict further retinal tissue damage. Immunosuppressive
medication carries its own risks and problems, including greater susceptibility to infections
and other immune-related conditions, and may be necessary for patients in order to reduce
this risk [27].
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4.1.2. Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are generated by reprogramming adult somatic
cells to a pluripotent state, similar to ESCs [28]. Since iPSCs can be generated from the
patient’s own cells, the risk of immunological rejection is reduced, and they avoid many of
the ethical concerns that are related to ESCs [29]. Immunosuppressive medications, which
are frequently necessary with ESC-based treatments, are not as likely to be needed when
these autologous iPSCs are developed into retinal cells and transplanted back into the
patient because the immune system is less likely to perceive them as alien [29]. Retinal
cells can be created in vitro using iPSCs, and these cells could potentially be grafted into
the injured retina to replace any missing or malfunctioning ones [29]. Furthermore, by
using iPSCs to simulate retinal diseases in the lab, researchers can better understand the
underlying mechanisms of these disorders and create novel treatment approaches.

4.1.3. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are known for their immunomodulatory proper-
ties and ability to differentiate into various cell types [30]. Through immune response
modulation and trophic support of injured retinal cells, MSCs have the ability to support
retinal regeneration and repair [30]. The ability of MSC-derived factors, cells, and modi-
fied MSCs to repair injured retinal tissue has been the subject of numerous investigations.
Preclinical models of retinal degeneration demonstrated that human dental pulp-derived
MSCs (DP-MSCs) improved retinal function in a rat model of retinal degeneration through
intravitreal transplantation, while rat bone-marrow-derived MSCs (BM-MSCs) restored
the thickness of the outer nuclear layer (ONL) by increasing autophagy [31]. Injections of
umbilical cord-derived MSCs (UC-MSCs) and their exosomes improved visual functions
and decreased inflammation and retinal damage in a mouse model of intravitreal retinal
injury [31].

4.2. Progenitor Cell-Based Therapies

Progenitor cell-based therapies represent a promising avenue for treating retinal
degenerative diseases by harnessing the regenerative potential of cells that are more
differentiated than stem cells but still have the capacity to develop into specific types
of retinal cells. This method focuses on replacing or repairing damaged retinal tissue with
neural progenitor cells (NPCs) and retinal progenitor cells (RPCs).

4.2.1. Retinal Progenitor Cells

Specialized cells called retinal progenitor cells are derived from the growing retina and
have the ability to differentiate into several types of retinal cells, such as photoreceptors
and retinal ganglion cells [32]. RPCs have been found to be important in regenerative
therapy for retinal illnesses and to play a critical function during retinal development. RPCs
are a strong contender for therapeutic intervention because of their capacity to develop
into vital retinal cells and blend in with the current retinal architecture [32]. RPCs have
demonstrated the ability to halt the course of disease, restore vision, and replace missing
or damaged retinal cells when implanted into the retina [32]. RPC transplantation is
undergoing clinical trials, and preliminary findings suggest that these cells can proliferate,
migrate, and differentiate within the host retina [32].

4.2.2. Neural Progenitor Cells

Neural progenitor cells (NPCs) are multipotent cells that can differentiate into various
neural cell types, including neurons, astrocytes, and oligodendrocytes [33]. NPCs are par-
ticularly interesting in the context of retinal degenerative illnesses because they can replace
retinal neurons while simultaneously performing vital supporting roles that keep the retina
healthy [34]. NPCs have been shown to be able to adapt to the retinal environment after
transplantation, and they can come from different parts of the central nervous system, such
as the brain and spinal cord. Through differentiation into retinal cells and the formation
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of synaptic connections with pre-existing retinal neurons, NPCs have been demonstrated
in preclinical investigations to restore some function of the visual system [33]. To further
increase their therapeutic potential, NPCs can release neurotrophic substances that support
the survival and functionality of the remaining retinal cells [33].

RPCs and NPCs in particular are progenitor cell-based therapies that provide a focused
method for retinal restoration. In addition to replacing lost cells, these therapies work to
foster an environment that supports the retina’s long-term survival and performance.

4.3. Gene-Edited Cell Therapies

Gene-edited cell therapies are emerging as a revolutionary approach to treating retinal
degenerative diseases by directly targeting and correcting genetic mutations responsible
for these conditions. A variety of techniques for retinal gene therapy may be employed,
contingent upon the kind of mutation: gene replacement or augmentation, editing or
silencing the defective gene, or introducing a gene that alters the downstream or upstream
pathways from the damaged gene to improve cellular function [35]. Retinal gene therapies
employ several vectors and delivery systems. A plethora of gene-editing techniques have
been developed, including zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENSs), homing endonucleases or meganucleases, and CRISPR/Cas9 [35].
CRISPR/Cas9 is one of the widely used gene-editing tools in biomedical research and there
are several gene therapies using this technology in clinical trials [35].

Gene therapy has long been thought to be a great fit for the retina. Advantages include
a restricted, immune-privileged area protected by the blood-retina barrier [35]. Since
the retina is small and does not proliferate cellularly in adults, retinal disorders can be
treated with low dosages of the vector [35]. Products for ocular gene therapy might be
administered by clinical protocols or established surgical methods. Nevertheless, despite
these advantages, gene therapy faces a major challenge due to the enormous genetic
complexity of inherited retinal illnesses, which can involve hundreds of mutations across
numerous distinct genes [35]. Due to this variability, developing therapies that are one
size fits all is difficult. Furthermore, a precise genetic diagnosis is necessary to pinpoint
the precise mutations causing the illness, yet many patients are still without a conclusive
genetic diagnosis. Without this vital information, successful gene therapy customization is
difficult, which reduces the potential benefit of the treatments.

5. Mechanisms of Action

Cell-based therapies for retinal degenerative diseases rely on several key mechanisms
of action to restore vision and prevent further damage to the retina. These mechanisms
include cell replacement, neuroprotection, and paracrine effects, each contributing to the
overall therapeutic potential of these advanced treatments.

5.1. Cell Replacement

As previously discussed, AMD and RP are characterized by the degeneration of
photoreceptors and RPE cells, respectively. Consequently, the primary objective of cell-
based therapy is to restore retinal function by replacing these damaged or lost cells. This
approach aims to replenish the retina with healthy, functional cells that can re-establish the
intricate processes of light detection and signal transmission, ultimately preserving or even
restoring vision. To achieve this, stem cells or progenitor cells must be differentiated into
specific retinal cells.

There exists an optimized protocol to differentiate human-induced pluripotent stem
cells into retinal pigment epithelium (RPE) cells [36]. The RPE cells generated following
this protocol are mature and have similar cellular and molecular properties to primary RPE
cells. Furthermore, the protocol includes an enrichment step enabling large-scale GMP
manufacturing, which highlights the potential for cell replacement therapies in treating
AMD [36].
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Human embryonic stem cells (hESC) can also serve as a stem cell source for RPE cells;
however, allogeneic hESC-RPE cells can trigger immune rejection, despite the eye being
considered an immune-privileged site. Petrus-Reurer et al. established that hESC-RPEs
lacking HLA-I and -II, which have reduced T-cell response in vitro, do not increase NK cell
cytotoxic activity, and xeno-transplanted show reduced rejection in a large-eyed animal
model [37].

The potential of photoreceptor cells derived from different human iPSC sources,
including blood, fibroblasts, and keratinocytes, has been investigated in numerous research
studies. However, due to the challenges in developing reliable, effective, and stable
techniques for the production and purification of photoreceptor cells, there is no report
of the transplantation of iPSC-derived photoreceptor cells in humans for the purpose of
vision restoration [38].

5.2. Neuroprotection and Paracrine Effects

MSCs derived from bone marrow, umbilical cords, adipose tissues, and human neural
progenitor cells take on a trophic role in stem cell therapy. MSCs are known to rescue
degenerating photoreceptors via paracrine factors released by the cells. These cells suppress
the immune response and inflammation by releasing immunomodulatory proteins such as
Th2-related cytokines, insulin-like growth factor-1, and class II major histocompatibility
complex antigens. Since PRs undergo mutations that produce RP, delaying the progression
of vision loss can be achieved through cell preservation techniques. However, only when
sufficient PRs are present in the early stages of the disease are the preservation techniques
effective. RPE produced from MSCs can also be utilized as supporting cells to give PR that
are still alive trophic support [39].

6. Cell Therapy for Retinal Degenerative Diseases

Cell therapy for retinal degenerative diseases has been tested in multiple preclinical
and clinical trials over the years. These studies have been conducted in various animal
models and looked at diseases from AMD to RP, glaucoma, and retinal degeneration in
general. Studies have investigated cell therapy using embryonic stem cells (ESC), induced
pluripotent stem cells (iPSC), RPE stem cells, bone marrow, mesenchymal cells, and more
(Figure 4). Here, we will provide a review of the preclinical (Table 1) and clinical (Table 2)
studies using cell therapy for retinal diseases conducted to date.

Cell Therapy Overview

Retinal Disease .
Eg. Agerelated macular degereration (AMD), | ==="=="*" > Cell Therapy Transplantation | -------- > Outcome

Glaucoma E.g. cell integration, regeneration, increased BCVA

RPE cells RGCs ‘
| 3
g
®
.
Progenitor x
> cells

Photoreceptors

iPSCs

MSCs T Direct MSC
In]eCtIOH
Figure 4. Preclinical and clinical trials to this date have utilized ESC, iPSC, MSC, and progenitor
cell-derived cells to treat retinal diseases and improve functional outcomes. Adapted from “Retinal
Disease and Regeneration”, by BioRender.com (2024). Retrieved from https://app.biorender.com/
biorender-templates accessed on 15 August 2024.
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6.1. Preclinical Studies
6.1.1. Preclinical Studies Using ESCs

Some of the initial studies showing promise for the use of cell therapy in retinal disor-
ders showed rescue and prevention of photoreceptor degeneration by transplanting retinal
pigment epithelium (RPE) in Royal College of Surgeon (RCS) rats [40,41,75]. Limitations of
these methods included the need for healthy RPE. Later, Schraermeyer and colleagues [42]
transplanted ESC and found it to delay photoreceptor degeneration in RCS rats, making
ESC a potential source for cell transplantation in retinal diseases.

While there was promise for the use of mouse ESCs, there had been no reports show-
ing the use of primate ESC until Haruta and colleagues [44] investigated the generation
of epithelial cells from primate embryonic cells. Embryonic cells were obtained from
cynomolgus monkeys, differentiated into embryonic stem-cell-derived pigment epithelial
cells (ESPE), and transplanted into the subretinal space of RCS rats, resulting in photore-
ceptor death and vision loss [44]. After transplantation, the RCS rats were observed to have
recovery and retinal function, providing evidence for the use of ESPEs for cell-replacement
therapy for retinal degenerative diseases [44]. An advantage of using ESCs for degenerative
diseases is that they have the capacity to indefinitely differentiate into any cell type.

Further studies investigated the use of human ESCs (hESCs) for retinal diseases and
found hESC-derived RPE to exhibit morphology, marker expression, and function of au-
thentic RPE, rescuing retinal function in animal models of retinal degeneration [46,47,49]. In
RCS rats, an improvement in visual performance was observed compared to untreated con-
trols, after hRESC-derived RPE transplantation [46]. Idelson and colleagues [49] confirmed
that retinal rescue was not a nonspecific effect by also transplanting human fibroblasts
into the subretinal space. Transplantation of fibroblasts did not result in protection of the
photoreceptor layer and delay in degradation [49]. Similarly, in Crx~/~ mice (a model of
Leber’s Congenital Amaurosis), hESC-derived retinal cells differentiated into functional
rod and cone photoreceptors and restored light responses in the animals [50].

Additional studies found ESC to also possess the potential to differentiate into cells
similar to retinal ganglion cells (RGC). In this study, neural progenitors (NP) were first
derived from FGF2-induced ESC cells, which then differentiated into RGC-like cells, ex-
pressing RGC regulators and markers, such as Ath5, Brn3b, RPF-1, Thy-1, and Islet-1,
in vitro [51]. The ESC-NP cells were then exposed to FGF2, which, upon transplantation,
integrated and differentiated into RGCs in vivo [51]. This research provided a method for
differentiating ESC into RGC and showed efficacy in vivo. Other research has successfully
induced rat ESCs into RPEs and photoreceptors, restoring visual function in RCS rats after
retinal transplantation [61].

Comparison of subretinal transplantation of mouse ESC-derived rod photoreceptors in
mild retinal degeneration and severe retinal degeneration mice showed differences between
the two models. The mice ESCs integrated into the mild retinal degeneration models and
acquired mature morphology expressing photoreceptor markers, whereas, in severe retinal
degeneration models, the transplanted cells survived but did not have mature morphologic
features [58]. This may have been due to severely degenerated retinas creating a hostile
environment and activated microglia resulting in immune responses and rejection [58].
This study highlights a primary concern of using ESCs, as they are not autologous and may
induce immune reactions and rejection upon transplantation in the degenerated host retina.

6.1.2. Preclinical Studies Using iPSCs

While ESC-based replacement therapy is valuable for retinal regeneration, it is compli-
cated due to immune rejection, tumor formation, and ethical concerns. Therefore, several
researchers investigated the use of induced pluripotent stem cells (iPSCs) for retinal cell-
replacement therapy. Results demonstrated that iPSCs express various retinal progenitor
cell-related proteins, such as Pax6, Rx, Otx2, Lhx2, and Nestin [52-54]. Direct differen-
tiation of iPSCs into retinal ganglion (RG)-like cells was achieved with overexpression
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of Math5 and the addition of DN and DAPT, with the cells surviving in the mice retina
post-transplantation, but not integrating into the retina [54].

However, Venugopalan and colleagues [59] transplanted primary mouse RGC into
uninjured mature rats’ retina in vivo by intravitreal injection and found results similar
to using human iPSC and mesenchymal stem cells. The transplanted RGCs survived,
migrated to the ganglion cell layer, and made functional synaptic connections in the host
retina, responding to light stimulation [59]. The synaptic integration shows promise for
allogeneic stem-cell-derived transplants as mice RGCs were successfully transplanted
into rat retina [59]. Additionally, another study found that greater differentiation of iPSC-
derived photoreceptors and purifying using fluorescence-activated cell sorting (FACS)
allowed the cells to integrate into the outer nuclear layer and express photoreceptor markers
after transplantation to the subretinal space of normal adult mice [55]—providing hope for
autologous transplantation as a treatment for retinal degeneration.

Subretinal transplantation of iPSCs into retinal degenerative mice has resulted in
iPSCs successfully integrating into the retinal outer nuclear layer and increased retinal func-
tion in hosts, as seen through electroretinographic analysis and functional anatomy [56].
The studies mentioned above have demonstrated the feasibility of photoreceptor replace-
ment therapy using ESCs and iPSCs; however, transplant success based on disease stage
remained unclear.

As mentioned before, a concern with cell transplants is immune rejection. To address
this concern and oncogenic mutations, Sharma and colleagues [62] developed an oncogene
mutation-free clinical-grade iPSC from AMD patients and differentiated them into RPE
patches on biodegradable scaffolds. This allowed the cells to integrate into both rat and
porcine models with AMD-like eye conditions [62]. On the other hand, another study
of swine models mimicking end-stage AMD subretinal transplantation of hiPSC-derived
RPE cells did not graft well in atrophic areas compared to healthy areas [67]. However,
several engrafted RPE cells showed possible interaction with host photoreceptors as seen
by the expression of immunolabeled phagosomes, suggesting a delay of the loss of visual
function by decreasing GA progression [67]. A comparison of these two studies suggests
that methods using scaffolds may provide more benefit and feasibility for autologous
clinical-grade-induced RPE cell transplantation.

Human iPSCs-derived cells have also been shown to be effective in the long term
post-transplantation. Human iPSC-retina grafts have been shown to survive up to 5 months
in rats and up to 2 years in monkey models [57,63]. However, while some transplanted
RGCs showed light responses in these models, it was not clear whether these responses
were residual from the host retina or due to cell transplantation [63].

Another study reported that a combination of hiPSC-derived RPE cells and retinal
precursor cells preserved endogenous photoreceptors and visual function, more than
transplantation of either cell alone in early- and late-stage disease degeneration [65]. Further
work is needed to investigate the benefit of a combination transplant and which cell
combinations provide the most benefit.

6.1.3. Preclinical Studies Using MSCs

One method to support autologous cell transplant and reduce immune rejection is
through the use of mesenchymal stem cells (MSCs). Mesenchymal cells may be obtained
from the bone marrow or adipose tissue of a particular patient and used as autologous
cells for cell-replacement therapy. It has been shown that MSCs have anti-inflammatory
properties, produce growth factors, and contribute to tissue regeneration, making them
suitable for retinal degenerative cell therapy [60]. Additionally, MSCs can differentiate into
RPE, photoreceptor-like, bipolar, and amacrine cells [43,48,69]. Recent studies have shown
intravitreal injections of MSCs to have protective effects on the retina and enhance vision
function [70,71]. On the other hand, a study using intravitreal or subretinal injections of
bone marrow mononuclear stem cells reported increased cell survival, but no enhancement
of retinal function in RCS and P23H-1 rats [72]. This calls for the need for further studies
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looking at various animal models. Another study observed photoreceptor regeneration and
restoration of retinal function, following human adipose-derived MSCs in sodium iodate-
induced retinal injury mice models, showing promise for MSC therapy in RP and AMD [73].
In addition to bone marrow and adipose-derived MSCs, they can also be derived from the
umbilical cord. Notably, intravenously delivered small umbilical cord mesenchymal stem
cells (average diameter 8.636 + 2.256 um) are safer and may protect visual function in RCS
rats [69].

6.1.4. Preclinical Studies Using Progenitor Cells

Preclinical studies using progenitor cells have shown them to restore some visual
function in mice models. Klassen and colleagues [45] report successful engraftment of
retinal progenitor cells in the degenerating retina of mature mice, with some cells maturing
into neurons such as photoreceptors and expressing recoverin, rhodopsin, or cone opsin.
Mice who received the transplant showed improved light-mediated behavior compared
to controls [45]. Recently, He and colleagues [68] transplanted retinal progenitor cells
from mouse ESC-derived retinal organoids and reported successful differentiation of
transplanted cells, along with responses to light stimuli and integration with the host
retina. While this study shows promising results, long-term effects and results need to be
further investigated.

Moreover, while many studies before have used two methodologies to generate
various retinal cells, one study created RPE and photoreceptor progenitor cells (PRP)
cells using a single methodology. This unified protocol was created to generate RPE
and PRP cells simultaneously from the same source of iPSCs, with cells surviving and
integrating into rodent models of retinal degeneration post-transplant and improved
vision [66]. This method provides an efficient and effective way to generate cells for
combined transplantation. Further, intravitreal injection of human retinal progenitor cells
(RPC) is shown to preserve retinal morphology but is only effective up to 12 weeks post-
transplantation [64].

As there is a variety of stem cells that may be utilized in cell therapy for retinal
degeneration, a study investigated which may be the most effective. It was reported that
hiPSC-RPE cells have the best protective effect for retinal degeneration, transplanting better
and longer than human adipose-derived stem cells, amniotic stem cells, bone marrow
stem cells, dental pulp stem cells, and hiPSCs [74]. However, this finding must be further
investigated, as there are differences between diseases, such as RP being genetic and
AMD being related to older age, and studies with disease-specific animal models should
be conducted. Preclinical studies have provided insight that stem cell therapy has the
potential to stabilize or reverse progressive vision loss in both non-primates and primates,
paving the way for clinical studies.

6.2. Clinical Trials

Most current clinical trials are currently in the early phases, focusing on initial re-
sponses and the safety of cell therapy (see Table 2). Current human trials are focusing on
confirming that transplanted cells do not form teratomas, do not migrate into other organs,
do not lead to immune rejection, and do not have other unintended adverse effects.

6.2.1. Clinical Trials Using hESCs

Schwartz and colleagues conducted the first study investigating hESC-derived sub-
retinal cell transplantation in human patients with Stargardt macular dystrophy and dry
AMD (NCT01345006 and NCT01344993). Preliminary reports of two patients at 4 months
post-transplant of hESC-derived RPE show that there were no signs of hyperproliferation,
tumor formation, or transplant rejection [76]. A subsequent follow-up involving 18 patients,
9 with Stargardt and 9 with AMD, for a median 22-month period was reported. In this
report, there were 10 eyes with an improvement in the Best Corrected Visual Acuity (BCVA)
score, 7 eyes with a stable score, and 1 eye with a 10-letter decrease [77]. In addition,
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complications included cataracts in four eyes and the development of endophthalmitis
in one patient [77]. These complications were reported to be attributed to pars plana
vitrectomy surgery and the use of immunosuppressive treatment, not specifically with the
hESC transplant [77].

While the participants in Schwartz and colleagues’ study were primarily white and
black, W.K. Song and colleagues [78] investigated the safety and efficacy of hRESC-derived
RPE transplantation in four Asian patients: two with AMD and two with Stargardt disease
(NCTO01674829). Preliminary results were similar to Schwartz and colleagues [77], with
some visual acuity improvement in three patients and stable acuity in one patient one year
post-transplant [78]. There was no reported adverse proliferation, tumor formation, or
serious safety issues [78]. While there were some adverse reactions following immuno-
suppression, these stopped after cessation of the immunosuppression [78]. This study
provided greater promise for the use of hRESC-derived RPE transplantation in patients of
various ethnicities.

Mehat and colleagues [79] found subretinal transplantation of hESC-derived RPE cells
in 12 Stargardt patients to be safe and to result in no inflammatory reaction or uncontrolled
proliferation (NCT01469832). There was evidence of subretinal hyperpigmentation in all
12 patients, suggesting survival and engraftment of the transplanted hESC-derived RPE
cells [79]. However, they did not report any significant improvement or decline in retinal
function by electroretinography post-transplant in any patient and only borderline BCVA
improvements in four patients [79]. This was hypothesized to be due to the advanced
stage of the disease at the start of the study and the slow rate of progression in Stargardt,
suggesting protection against further deterioration may only be seen in a longer follow-
up period.

A recent study in Korea has investigated the long-term safety of hESC-derived RPE
transplantation in three Asian patients with Stargardt disease (NCT01625559). Sung and
colleagues [80] found no serious adverse events to be present during a 3-year follow-up pe-
riod, with improvement of BCVA in one patient and stable BCVA in the other two patients.
Favorable function and anatomical results were reported, compared to the natural progres-
sion of Stargardt disease. Further, Li and colleagues [81] reported no adverse reactions in
a longitudinal 5-year study investigating hESC-derived RPE subretinal transplantation
in seven Stargardt patients (NCT02749734). While these studies show promise for the
long-term safety and efficacy of subretinal hESC-derived RPE transplantation, further
multicenter studies with a larger number of patients are needed. A study that is currently
in progress aims to follow 36 patients for up to 10 years after an hESC-derived RPE cell
subretinal transplantation (NCT03167203). A study in China is also investigating the treat-
ment of dry AMD using hESC-derived RPE (NCT03046407); however, the results of this
study and its progress are currently unknown.

Further work by da Cruz and colleagues [82] (NCT01691261) aimed to determine the
feasibility and safety of using subretinal transplantation using a biocompatible hESC-RPE
monolayer on a synthetic basement membrane (a ‘patch’), rather than a suspension, in
patients with wet AMD. Results from two patients show the stability of the hESC-RPE
patch and improved BCVA and reading speed over 12 months [82]. As there were no
control patients, the results of this study must be critically analyzed, but do suggest that an
RPE patch transplant may be a beneficial form of treatment for retinal degeneration.

Preliminary safety results of a study (NCT03963154) investigating the use of a patch
created using a novel tissue-engineered product consisting of hESC-derived RPE cells report
successful integration in the retina, with no local inflammation or retinal deterioration
observed in seven patients [83]. A recent study in Brazil is comparing whether surgical
implantations of hESC-RPE monolayer on a polymeric scaffold or hRESC-RPE injections into
subretinal space are safer in AMD and Stargardt patients (NCT02903576).

Moreover, a five-year follow-up of a phase 1/2a clinical trial (NCT02590692) assessing
scaffold-based hESC-derived RPE transplantation in 16 legally blind patients with GA
reported the implant to be safe and tolerated [84]. The primary endpoint of the study was
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a safety assessment at 1-year post-transplant, which reported four patients in cohort 1 to
have serious adverse events, including retinal hemorrhage, edema, retinal detachment, or
RPE detachment [85]. However, these adverse events were mitigated in cohort 2 by using
hemostasis during surgery. Patients were followed for a median of 3 years and reported a
higher likelihood of BCVA improvements than worsening [84]. Patients who experienced
worsening in BCVA had experienced the adverse events mentioned before during post-
transplantation [84]. This study shows that scaffold-based transplants are successful and
tolerated in patients with GA, suggesting this method as a possible treatment.

Recently, primary 24-month results from the currently active OpRegen hESC-derived
RPE cell therapy trial (NCT02286089) suggest that subretinal transplantation of OpRegen is
successful and safe. The data suggest that OpRegen counteracts RPE dysfunction and loss
in GA [86]. Results report sustained BCVA gains at 24 months and greater improvement in
retinal structure observed in patients with extensive coverage of GA with OpRegen and
less advanced GA [86].

A study of unknown status in China is investigating the safety and efficacy of hESC-
derived RPE cell subretinal transplantation in patients with RP (NCT03944239). An ongoing
trial is also investigating the safety, tolerability, feasibility, and efficacy of retinal pigment
epithelium stem cell (RPEESC)-derived RPE transplantation in patients with dry AMD
(NCTO04627428). The RPEESC is obtained from eyes donated to eye banks and the study
aims to enroll 18 participants.

6.2.2. Clinical Trials Using hiPSCs

While hESC-derived cell transplantations have proven to be safe and effective, there
remains the concern of immune rejection. Hence, clinical trials are starting to be conducted
utilizing hiPSC-derived cells, offering an autologous approach to cell transplantation.

Mandai and colleagues [87] reported iPSC-derived RPE sheets to be intact one-year
after transplantation in one patient with AMD, but with no improvements in BCVA
(UMINO000011929). Notably, the patient did not receive any immunosuppressants and
there was no transplant rejection [87]. This same patient was then followed for a period of
4 years, showing survival of the RPE sheet and no adverse reactions [88]. This clinical trial
showed promise for the use of autologous iPSC-derived transplantation for patients with
retinal degeneration. However, there remains a need for larger study sizes and a variety of
disease states to be investigated. The first of these trials in the United States is currently
underway, investigating autologous transplantation of iPSC-derived RPE in AMD patients
with GA (NCT04339764).

In India, investigators are evaluating the safety and efficacy of a novel hiPSC-derived
formulation, Eyecyte-RPE, in patients with GA due to dry AMD (NCT06394232). This for-
mulation is speculated to replace damaged RPE and potentially enable tissue regeneration.

A study in China is currently recruiting patients for autologous transplantation of
hiPSC-derived RPE in AMD patients (NCT05445063).

6.2.3. Clinical Trials Using MSCs

As mentioned before, MSCs provide paracrine effects and contribute to tissue regen-
eration, making them suitable for retinal degeneration cell therapy. Park and colleagues
explored the safety and feasibility of intravitreal autologous CD34" bone marrow cell injec-
tion in patients with AMD or RP (NCT01736059; NCT04925687). Preliminary findings of the
pilot study conducted in six participants reported a single intravitreal injection to be well
tolerated with no intraocular inflammation and no worsening of BCVA after 6 months [89].
These promising results led to a follow-up study conducted in RP patients to determine
the number of CD34" cells isolated for injection and adverse events (NCT04925687). Seven
patients were enrolled in this study and a mean of 3.26 & 0.66 million viable CD34" cells
were intravitreally injected in each eye [90]. While patients tolerated the injection 6 months
post-injection, four patients had an extended follow-up and three of these four patients had
progressive vision loss in both eyes [90]. Park and colleagues [90] note that it is unknown if
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repeat intravitreal injection of CD34" would result in a greater therapeutic effect and larger
studies are needed.

Another study investigated the safety of a single intravitreal injection of autologous
bone-marrow-derived cells in patients with RP and the vision-related quality of life of these
patients after the injection (NCT01068561; NCT01560715). Phase 1 (NCT01068561) results
reported no adverse events associated with the injection over a period of 10 months [91].
Phase 2 (NCT01560715) results found there to be an initial improvement in the vision-
related quality of life of these patients, but no difference from baseline at 12 months
post-injection [92].

Tuekprakhon and colleagues [93] also investigated intravitreal autologous bone-
marrow-derived MSC (BM-MSC) injection in 14 patients with advanced RP (NCT01531348).
Their findings found improvements in BCVA initially, but BCVA returned to baseline at
12 months [93]. Researchers observed several patients with discomfort, such as mild pain,
pressure, redness, and irritation, and mild adverse events, such as localized posterior
synechiae, cystoid macular edema, and localized choroidal detachment, in their 12-month
follow-up period [93]. One patient experienced a serious adverse event (diffuse vitreous
hemorrhage) 3 years post-injection and required surgery, after which, vision was restored
for the patient [93]. The adverse reactions and little improvement in visual function results
warrant further investigation of BM-MSC injections in patients with RP.

On the other hand, Siqueira and colleagues [94] investigated intravitreal autologous
bone-marrow-derived stem cell injection in patients with dry AMD (NCT01518127). Data
reported intravitreal injections to be safe in patients with dry AMD and showed that there
were slight increases in BCVA three months after injection [94]. We wonder if a longer-term
follow-up period would result in findings similar to Tuekprakhon and colleagues [93], with
BCVA returning to baseline.

The Stem Cell Ophthalmology Treatment Study (SCOTS and SCOTS2) is a multicenter
trial investigating autologous BM-MSC treatment for the treatment of retinal disease and
optic nerve damage (NCT03011541). This study aims to recruit 500 participants and follow
them for a 12-month period. Weiss and Levy have reported findings of Stargardt disease,
AMD, and RP patients. In the study, 34 eyes with Stargardt disease received autologous
bone marrow injections using retrobulbar, sub-tenons, intravitreal or subretinal, and intra-
venous injection [95]. Over one year, statistically significant results (p = 0.0004) showed
21 (61.8%) eyes to improve, 8 (23.5%) to remain stable, and 5 (14.7%) to continue to have
disease progression [95]. Visual acuity improvement was also seen in some patients [95].
Similarly, there were significant clinical improvements in visual acuity and a delay in
vision loss seen in 32 patients with AMD [96]. In the 33 patients with RP, there were also
improvements in visual acuity and stability of disease progression seen over a follow-up
period of at least 6 months [97].

A phase 3 clinical trial investigated the management of RP using Wharton's jelly-
derived MSCS (W]J-MSC) (NCT04224207). It was found that sub-tenon transplantation
of WJ-MSCs was effective and safe during a 1-year follow-up period, in both autosomal
dominant and autosomal recessive inheritance of RP [98].

Another clinical trial is currently enrolling participants for a study investigating the
safety and efficacy of intravenous and sub-tenon delivery of allogeneic adult umbilical
cord-derived MSC cells for the treatment of RP (NCT05147701). Adverse effects will be
monitored for a four-year follow-up period.

6.2.4. Clinical Trials Using Progenitor Cells

We did not come across many clinical trials investigating the use of progenitor cells.
A clinical trial is currently enrolling participants in a study investigating retinal stem and
progenitor cell therapy for the treatment of AMD (NCT05187104).
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7. Future Directions

There have been numerous advances in the utilization of cell therapy for retinal
degenerative diseases. Progress continues to be made in this field with new advances in
cell therapy techniques and combinations of therapies. However, there remain challenges
in translating research findings to clinical populations and ethical sourcing of stem cells.

In this section, we will highlight progress made and outline some challenges that need to
be addressed.

7.1. Advances in Cell Therapy Techniques

The method of delivering cells into the ocular region is critical to ensure cell survival
and transplantation success. Currently, there are three methods that are commonly used to
deliver cells into the ocular region: subretinal, intravitreal, and suprachoroidal injections.
While subretinal injections enable direct effects on cells and tissue in the subretinal space,
there can be complications such as retinal detachment [99]. On the other hand, although
an intravitreal injection can be quite invasive, the vitreous is an immune-privileged site
and shows promise for being a site of stem cell delivery. Wang and colleagues [64] found
intravitreal injections to be safe to inject human retinal progenitor cells in RCS rats with
no teratoma formation following injection and a delay in retinal degeneration, showing
promise for clinical models. Another method of cell delivery has been the suprachoroidal
injection. This method is less invasive and has high bioavailability, as it targets the choroid,
retinal pigment epithelium, and neuroretina [100].

7.2. Combination Therapies

Integration of gene therapy and biomaterials shows promising advances in cell trans-
plantation and retinal degeneration treatment. Gene therapy, specifically CRISPR-Cas9,
enhances hESC survival by reducing cell immunogenicity and eliminating the need for
immunosuppression [101]. The integration with gene therapy has also shown the success
of autologous transplantation in Stargardt patients. CRISPR-Cas9 was used to correct the
ABCAA4 variant in hiPSCs of these patients and autologous transplantation was performed
without any adverse effects [102]. This research shows that gene therapy in combination
with cell therapy allows for in vitro gene editing and differentiation of retinal cells for
autologous transplantation treatment of retinal dystrophy [102].

Additionally, biomaterials and scaffolds have been combined with cell therapy to
optimize its results. The use of scaffold technology plays two major roles in cell therapy.
One role is providing a platform to deliver a layer of cells and the other role is the delivery of
drugs, promoting cell survival and integration, and immunosuppression [103]. For example,
sometimes the transplanted RPE does not adhere well to Bruch’s membrane, resulting
in the need for a scaffold to help the transplanted RPE adhere and differentiate [103].
Ideal scaffolds are biocompatible, biodegradable, and injectable [104]. Historically, gelatin
substrate was used during photoreceptor transplantation to maintain the photoreceptor
layer, as it dissolves at room temperature and is not neurotoxic [105]. Today, scaffolds are
typically made of biomaterials such as parylene C, polyethylene, terephthalate, or poly
(lactic-co-glycolic acid), and deliver cells in a more structured way, allowing for a better
understanding of cell survival and differentiation [103]. Aside from scaffolds, biomaterial
such as bone marrow has its own advantages in cell therapy. Bone marrow stromal cells
migrate to sites of injury and can differentiate into various cells, including retinal cells, and
produce neurotrophic factors to help with cell survival [27]. Bone marrow stromal cells can
be used in autologous transplantation, reducing concerns of immune rejection [27].

Moreover, 3D bioprinting technology is being utilized to study retinal degeneration,
and 3D-bioprinted eye tissue has been created using patient stem cells [106]. This bioprinted
tissue will allow scientists to better understand AMD and its progression to wet AMD
and allow for modeling of the disease process in vitro. The future of 3D bioprinting
and its possibility to be used for therapeutic development provides an exciting area to
develop further.
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7.3. Barrier to Clinical Translation

Although the eye and subretinal space provide a unique immunological environment
with immune privilege, there remain barriers to clinical translation. One of these barriers
is the risk and occurrence of immunogenicity. As some cell therapy methods utilize
allogeneic stem cells and embryonic cells, there is the possibility of host-mediated immune
responses and allogeneic graft rejection post-transplant [39]. After a cell transplant, there
is an innate immune response that mediates tissue stress and inflammation; sometimes,
with this response, natural killer cells become activated and play a role in allogeneic cell
rejection [39]. Some have attempted to use systemic immunosuppression to overcome
graft rejection; however, this leads to the issue of increased infection. Recent advances are
utilizing gene editing, such as CRISPR-Cas9 to reduce immunogenicity, but there remains a
need to ensure the safety of using gene-edited cells in clinical settings [101].

As mentioned before, a method to overcome the issue of graft rejection and promote
cell survival and integration is to use iPSCs. Takahashi and colleagues [107] demonstrated
the creation of induced pluripotent cells from adult human fibroblasts, providing evidence
of the creation of patient-specific iPSCs. The use of iPSCs provides an autologous method
for cell transplantation, decreases the risk of immune rejection, and eliminates the need for
systemic immunosuppression [107]. However, the promise of iPSC in cell therapy is not
without concerns as reprogramming of the cells raises concerns of genetic instability [108].
It has been stated that iPSC cells may have epigenetic memory and continue to proliferate,
causing an increased risk of teratomas [39,109]. The unlimited differentiation possibility
can also cause concern for the creation of human clones [110]. It is necessary that the use of
stem cells for therapies be safety checked to ensure that there are benefits for the patients
post-transplantation.

The clinical translation of cell therapy for retinal diseases faces several other chal-
lenges. Ensuring transplanted cells survive, integrate into the retinal tissue, and restore
function is also critical, as is mitigating off-target effects that could lead to unintended
complications [109]. Demonstrating meaningful functional recovery in vision and proving
the long-term efficacy of these therapies are essential steps for clinical success. Scalability
and standardization present additional barriers, as developing cost-effective, reproducible
manufacturing processes that maintain consistent product quality is complex. Furthermore,
cost remains a significant obstacle, with high therapy expenses limiting accessibility; en-
suring broad patient access will require strategic efforts in cost reduction and healthcare
reimbursement [29]. Finally, adequate and optimal delivery methods must be identified
through clinical studies to ensure the correct and effective placement of cells within the
retina [109].

7.4. Ethical Issues

The source of stem cells, in particular the derivation of pluripotent stem cells from
human embryos and oocytes, has been a controversial topic amongst the clinical and public
community since its utilization in medicine. However, iPSCs, which are reprogrammed
from somatic cells, avoid ethical controversies as they do not use embryos or oocytes and
are more commonly used today for cell therapy. While autologous stem cell transplantation
minimizes ethical concerns and the risk of immune reaction, they raise concerns of genetic
anomalies being present, a concern as retinal degenerative diseases have genetic origins [31].
As mentioned before, iPSCs do have complications of their own; therefore, it is important
to optimize iPSC differentiation protocols to ensure that ethical concerns are mitigated.

8. Conclusions

This review has highlighted the promising potential of cell-based therapies in treating
retinal degenerative diseases such as age-related macular degeneration (AMD) and retinitis
pigmentosa (RP). We explored the anatomy and physiology of the retina, the pathophysiol-
ogy of these diseases, and the various cell therapy approaches being developed, including
embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), mesenchymal stem
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cells (MSCs), and progenitor cells. Our focus on the most recent preclinical and clinical
studies underscores the rapid advancements in this field.

Despite the progress, several barriers remain in translating these therapies into clinical
practice. Challenges such as immune rejection, ensuring long-term survival and integration
of transplanted cells, and the need for scalable and standardized manufacturing processes
are critical areas that must be addressed.

For future research, we recommend a focused effort on overcoming these barriers
to clinical translation. This includes developing strategies to enhance cell survival and
integration, refining delivery methods, and addressing the immune responses that may
arise from allogeneic transplants. Additionally, further exploration into the combination
of gene therapy and biomaterials with cell therapy could provide a more comprehensive
approach to treating retinal degenerative diseases. By addressing these challenges, the
field of ocular cell therapy can advance toward developing clinically viable and widely
accessible treatments, ultimately offering new therapeutic options for patients suffering
from vision loss.
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Abstract: Tumor-associated macrophages (TAMs) are one of the most plentiful immune compositions
in the tumor microenvironment, which are further divided into anti-tumor M1 subtype and pro-tumor
M2 subtype. Recent findings found that TAMs play a vital function in the regulation and progression
of tumorigenesis. Moreover, TAMs promote tumor vascularization, and support the survival of
tumor cells, causing an impact on tumor growth and patient prognosis. Numerous studies show that
reducing the density of TAMs, or modulating the polarization of TAMs, can inhibit tumor growth,
indicating that TAMs are a promising target for tumor immunotherapy. Recently, clinical trials have
found that treatments targeting TAMs have achieved encouraging results, and the U.S. Food and
Drug Administration has approved a number of drugs for use in cancer treatment. In this review, we
summarize the origin, polarization, and function of TAMs, and emphasize the therapeutic strategies
targeting TAMs in cancer treatment in clinical studies and scientific research, which demonstrate a
broad prospect of TAMs-targeted therapies in tumor immunotherapy.

Keywords: TAMs; polarization; therapies; clinical application

1. Introduction

Cancer is a significant health problem and a major cause of death in the world. In the
process of cancer development, tumor microenvironment (TME) is widely recognized as
dynamically regulating cancer progression and influencing therapeutic efficacy, and it is a
complex multicellular environment which includes a variety of immune cells, endothelial
cells (ECs), cancer-associated fibroblasts (CAFs), pericytes, and other cell types [1]. Among
the TME, immune cells, especially macrophages, have recently become an attractive target
for cancer therapy, and achieve desirable results in treatment.

Macrophages indeed play a crucial role in maintaining tissue homeostasis and host
defense [2]. Three main functions of these cells are phagocytosis, exogenous antigen
presentation, and immunomodulation through the secretion of cytokines and growth
factors [3]. Mature macrophages are differentiated from circulating bone marrow-derived
monocytes [4]. Within the TME, macrophages are a significant stromal component and
are often referred to as TAMs. TAMs can be found in various types of tumor, and are
proven to play a complex function in tumor progression and immune response against
cancer. In general, TAMs are classified into two types: classical M1 macrophages and
alternative M2 macrophages; M1 macrophages are engaged in mechanistic responses,
pathogen removal, and anti-tumor immunity. On the contrary, M2 macrophages have
a connection with anti-inflammatory responses, wound healing, and the properties of
tumorigenicity. TAMs have received widespread attention over the past decades due
to their effects on leukocytes, cytokines, and inflammatory mediators. Currently, drugs
targeting TAMs include pexidartinib, which produces promising therapeutic outcomes
in the treatment of patients with solid tumors. Lee et al. indicated that patients with
advanced solid tumors, and treated with 600 mg/day of pexidartinib, experienced an
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objective remission and prolonged survival, with one third of participants experiencing at
least a 30% reduction in the sum diameter of the target lesions, and a 66.7% disease-control
rate [5]. Furthermore, the US Food and Drug Administration (FDA) declared their approval
of pexidartinib for the treatment of adult patients with giant cell tumor of the tendon
sheath on 2 August 2019. Based on the good results demonstrated by TAMs in tumor
therapy, we address the origins, polarization, and targeted therapies of TAMs, and also
summarize recent advances in immunotherapy for the tumor-targeted treatment of TAMs
in recent years.

2. Tumor-Associated Macrophages (TAMs)

TAMs are a specific category of macrophages that exist in the TME. It is believed that
TAMs are predominantly derived from circulating monocytes. When stimulated by varying
factors, these macrophages show variable phenotypes and functions, which are also known
as the polarization of TAMs. The plasticity of TAMs allows them to dynamically respond
to changes in the TME and adopt different activation states. In the present section, we will
concentrate on the origin and polarization of TAMs.

2.1. TAMSs’ Origins

It has been proposed for a considerable time that TAMs originated from circulating
monocytes, and are attracted to tumors through chemotactic signals emitted by the tumor,
such as C-C motif chemokine ligand 2, CCL2) [6]. This single origin of macrophages was not
questioned until the discovery of the embryonic origin of tissue-resident macrophages [7].
Increasing evidence suggests that, in addition to circulating monocytes, embryo-derived
TAMs are a non-negligible source of TAMs in TME. Although it is suggested that monocyte-
derived macrophages could support the growth of TAMs in the inflammatory environment
of a tumor, the potentially different contributions of monocyte- and embryo-derived TAMs
to tumorigenesis remain a fascinating question.

Circulating monocytes originate from hematopoietic stem cells in bone marrow, such
as intestinal macrophages [8]. Yolk sac macrophages and fetal liver could localize to
specific tissues and then evolve into functional tissue-resident macrophages [9]. The
latest available evidence demonstrates that the recruitment of circulating monocytes is
critical for the accumulation of TAMs [10-12]. Chemokines, cytokines, and products of
the complement cascade [13] are major determinants of macrophage recruitment and
positioning in tumors [12]. Also, complement components, especially C5a, are linked to
the recruitment and functional polarization of TAMs [14]. The coexistence of circulating
monocytes and tissue-resident macrophages has been confirmed in tumor types such as
breast tumors [11], brain tumors [15], lung cancer [8], and hepatocellular carcinoma [16]. In
lung, brain, and pancreas tumors, TAMs from hematopoietic stem cells express antigen—
presenting—related genes, and exhibit extensive immunosuppression, while embryonic—
origin-TAMs—-expressed genes are closely related to tissue remodeling and wound healing,
suggesting that macrophages from different sources produce different physiological effects,
even in the same tissue [17,18]. Different sources of TAMs are one of the important causes
of the complexity of TME.

2.2. TAMs Polarization

TAMs polarization is the process of macrophages exhibiting characteristic phenotypic
and functional responses to microenvironmental stimuli and signals encountered by each
particular tissue. In this section, we will concentrate on the polarization of TAMs.

Macrophages are classified into two groups according to their function: classical
M1-type macrophages and alternative M2-type macrophages (Figure 1). M1 macrophages
are typically activated by lipopolysac charides, viral products, IFN-y, or granulocyte-
macrophage colony-stimulating factor (GM-CSF). M1 produces nitric oxide (NO) and
reactive oxygen species (ROS), and also expresses a variety of pro-inflammatory cytokines,
for example IL-1, IL-6, IL-12, TNF-«, IL23, and CCL2. M1 also has phagocytosis and could
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kill target cells. For this reason, M1 macrophages represent a critical cellular component
participating in the inflammatory response and anti-tumor immunity. Conversely, M2
macrophages are activated by macrophage colony-stimulating factor (M-CSF), IL-10, IL-
4, IL-13, or glucocorticoids [19]. M2 expresses TGF-§3, IL-1b, IL-4, IL-12, INF-y, matrix
metalloprotein (MMP), and vascular endothelial growth factor (VEGF) [20], thus it has
the ability to repair damaged tissues, stimulate angiogenesis, and promote tumorigenesis
and progression [21]. Furthermore, M2 macrophages can be categorized into at least four
phenotypes, including M2a, which is induced by IL4 and IL13; M2b, which is induced by
immune complexes or LPS; M2c, which is induced by IL10, TGF-f3, or glucocorticoids; and
M2d, which is the immune-suppressing type of M2 macrophages [22,23].

The main signaling pathways related to M1/M2 polarization are the JAK/STAT signal-
ing pathway, the IRF signaling pathway, the Notch signaling pathway, the PI3K/AKT sig-
naling pathway, and the TLR4 signaling pathway. STAT1 and STAT3/STAT6 are members
of the STAT family and play a key role in signal transduction and transcriptional activation.
Up-regulation of the suppressor of cytokine signaling (SOCS)1 expression activates the
JAK1/STAT1 pathway, which promotes macrophages polarization to the M1 type, leading
to an inflammatory response of cytotoxicity and tissue damage [24]. However, activation of
STAT3 [25] and STAT6 [26] can polarize macrophages to M2, resulting in immunosuppres-
sive effects. An LPS-induced TLR4 pathway activates JAK2/STAT1, thereby promoting
M1 macrophage polarization [27]. M2 TAMs trigger IL-6 production in normal oxytumor
cells, which promotes tumorigenesis by regulating JAK-STAT3 [28]. It has been found
that the interaction between PPAR vy and the IL-4-STAT6 axis controls the M2 phenotypic
transition [29]. In addition, the IRF-signaling pathway has a critical role in the progression
of macrophages polarization. Mammals have nine IRFs, and they have significant differ-
ences in gene expression and regulation. Related studies have found that IRF-4 specifically
regulates M2 cell polarization with the help of histone demethylase Jmjd3 in response to
chitin [30]. IRF5 has been shown to be necessary for IL12 and pro-inflammatory cytokine
expression [31]. In another study, the expression of IL12 and pro-inflammatory factors in
GM-CSF-polarized macrophages was found to be increased along with the up-regulation
of IRF5, which in turn activated T cells to stimulate M1 macrophages formation [32]. IRF6
participates in the negative regulation of M2 polarization of mouse bone marrow-derived
macrophages by inhibiting PPARy. In addition, the Notch pathway has an indispensable
function in the activation of macrophages polarization. A study found that miR-148a-3p
enhanced macrophage M1 polarization and inhibited M2 polarization when activated by
Notch [33]. Activation of signal regulatory protein « (SIRPc) can promote macrophage M2
polarization. Notch activation may inhibit the expression of SIRP« through Hes family co-
inhibitors, thereby promoting M1 polarization [34]. Apart from that, the PI3/AKT signaling
pathway has a critical effect in macrophages polarization. The PI3K/ Akt signaling pathway
can be affected by TLR4, cytokine chemokines, and the Fc receptor. Activated PI3K I phos-
phatidylinositol 4,5-bisphosphate (PIP2) produces phosphatidylinositol 3,4,5-triphosphate
(PIP3) at the membrane, and the PIP3 further triggers the activation of akt. Activated
akt phosphorylates and inactivates the negative regulator of the mechanistic target of
rapamycin complex (mTORC)1, thereby activating mTORC1. Consequently, Akt-mTORC1
signaling in macrophages contributes to increased histone acetylation, and generates M2
phenotypes [35]. Ship is a negative modulator of PI3K/ Akt signaling; lacking ship results
in a polarized M2 phenotype and reduces the production of inflammatory cytokines. Pten
is another negative regulator of PI3K signaling, and its absence significantly enhances akt
signaling and induces the formation of M2 macrophages [36]. TLR4 is a pathogen-pattern-
recognition receptor [37]. TLR4 complex binds to adapter molecules (e.g., LPS) via myeloid
differentiation factor 88 (Myd88), thereby enhancing the induction of inflammatory factor
expression and inducing macrophages polarization [38]. In addition to the above pathway,
it is found that the polarization of TAMs can be induced by the change in a nanocarrier’s
surface physical properties [39].
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Figure 1. Two major subtypes of TAMs. TAMs are a type of immune cell that infiltrates the tumor
microenvironment and plays a significant role in tumor development and progression. TAMs can
exhibit different functional phenotypes, often referred to as M1 and M2 polarizations. M1-TAMs are
typically associated with an anti-tumor response, and express certain surface markers, such as CD80
and CD86. M1-TAMs produce pro-inflammatory cytokines, such as IL-12, TNF-a. These cytokines
contribute to the activation of natural killer cells, cytotoxic T cells, and other immune cells, thereby
promoting an anti-tumor immune response. M1-TAMs also produce chemokines like CCL2, which
recruit and activate T cells, further enhancing the anti-tumor immune response. On the other hand,
M2-TAMs are associated with a pro-tumorigenic function, and express different surface markers,
such as CD163 and CD206. M2-TAMs secrete anti-inflammatory cytokines, including TGF- and
IEN-y, which can suppress immune responses and promote tumor growth. M2-TAMs also produce
factors such as MMPs that facilitate tissue remodeling and angiogenesis, supporting tumor invasion
and metastasis. It is important to note that the phenotypes and functions of TAMs can be influenced
by various factors in the tumor microenvironment, including cytokines, chemokines, and signals
from cancer cells themselves. This plasticity allows TAMs to adapt their functions based on the
specific conditions within the tumor.

2.3. Functions of TAMs

TAMs are an important pro-tumorigenic cell population in the TME, and they play
multiple critical roles in tumor development. In this section, we will briefly outline
the functions of TAMs in promoting tumor angiogenesis and in affecting metabolism
and immunosuppression.

The formation of new blood vessels is essential to provide nutrients and oxygen for
further tumor growth. It is known that TAMs are accumulated in hypoxic areas of tumor
tissue, and that they secrete various pro-angiogenic molecules including TNF-o, matrix
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metalloproteinase (MMP), and vascular endothelial growth factor (VEGF) to promote blood
vessel formation in tumors [40]. In addition, STAT3 activation in TAMs upregulates the
production of angiogenic factors such as VEGF and basic fibroblast growth factor (bFGF),
which in turn activates STAT3 signaling in endothelial cells and induces angiogenesis [41].
In addition, TIE2-expressing macrophages are characterized by elevating pro-angiogenic
activity and attenuating pro-inflammatory phenotype, which is a receptor for angiostatin
and plays an essential function in angiogenesis [42,43]. TAMs promote tumor angiogenesis,
cell invasion, and metastasis. During epithelial mesenchymal transition (EMT), tumor cells
lose intercellular junctions and apical-basal polarity due to the inhibition of E-cadherin,
and consequently acquire the ability to invade [44]. TAMs-derived TGF-f3 triggers the
activation of the 3-catenin pathway in the tumor, thereby inducing EMT and accelerating
tumor invasion [45]. The extracellular matrix (ECM) provides structural and biochemical
support for tumor growth. TAMs provide a variety of ECM regulators, such as MMP and
histone proteases, to facilitate tumor cell escape [46].

Tumors arise under hypoxic conditions, and tumor cells mainly use aerobic glycolysis
to produce energy. TAMs are closely associated with tumor cell metabolism. Studies
have reported that TAMs increase glycolysis in NSCLC cells through TNF-« secretion and
promote hypoxia through AMP-activated protein kinase and PGC-1a activation, which
in turn sustains tumor development [47]. In addition, TAMs have been found to be
effective in enhancing aerobic glycolysis and inducing apoptosis resistance in breast cancer
cells by transmitting myeloid-specific, HIF-1a-stable, long, non-coding RNA through
extracellular vesicles [48]. Furthermore, some secreted molecules of TAMs can shape their
immune phenotype. One study showed that ovarian cancer cells promote membrane
cholesterol efflux from TAMs. On the one hand, the cholesterol derived from TAMs
promotes tumorigenesis, on the other hand, high cholesterol efflux destroys lipid rafts
in TAMs, leading to the reprogramming of TAMs to M2 type. The immune response of
T-cells is also affected by the metabolites of TAMs. Studies have reported that arginine
depletion via Arginase, a marker of M2-like TAMs, inhibits T-cell receptor expression and
T-cell cytotoxicity [49].

Tumor immunosuppression is a well-established mechanism for regulating tumor
growth. In the early stages of tumorigenesis, M1 macrophages maintain themselves by
secreting large amounts of the pro-inflammatory cytokines IFNy and IL12, which demon-
strate anti-tumor activity, and induce the infiltration and activation of cytotoxic T-cells at
the tumor site [50]. M1 macrophages can be captured by the tumor, and then transformed
to an M2-like state by secreting immunosuppressive cytokines. M2 macrophages inhibit the
secretion of IL10 by cytotoxic T cells, while IL10 supports the expression of immunosuppres-
sive regulatory T-cells (Treg) [51]. However, in most types of cancer, TAMs show a higher
degree of similarity to anti-inflammatory macrophages and biases toward a pro-tumor
state [52]. Numerous studies have shown that TAMs secrete cytokines, such as TGF-3,
IL-10, and arginase 1 (Arg 1), which directly inhibit the effector functions of CD4 + and
CD8 + T cells, and enhance the expression of Treg cells, thus contributing to the formation
of an immunosuppressive microenvironment [53]. TGF-f3 promotes the polarization of
TAMs into M2 phenotypes in the innate immune response, which further promotes TGF-3
production and deepens immunosuppression [54]. In the adaptive immune response, TGF-
(3 regulates the production of a variety of cytolytic genes including granzyme A, granzyme
B, IFNYy, and FAS ligands, which impair the anti-tumor activity of CD8 + T cells, ulti-
mately leading to pro-tumor TME [55,56]. IL-10 is an important cytokine in the TME, and
TAMs-derived IL-10 plays a role in inhibiting IL-12 expression in the autocrine circuit [57].
IL-10 inhibits the release of the cytotoxic cytokine IFN-y, which is a major stimulus for
the differentiation of naive T-cells, thereby promoting immune evasion [58]. It has been
demonstrated that Argl metabolizes L-arginine mainly to polyamines and proline, which
leads to the dysregulation of T-cell receptor (TCR) signaling, and subsequently induces CD8
+ T-cell unresponsiveness [59,60]. Furthermore, a variety of chemokines produced by TAMs
have been implicated in immunosuppression. For example, TAM-derived CCL17/CCL22
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significantly contributes to the entry of Tregs into the TME via the chemokine receptor
CCR4 [61]. CCL18 produced by TAMs attracts naive T-cells to the tumor site, leading to
T-cell unresponsiveness [62].

2.4. Therapeutic Strategies Targeting TAMs

Numerous investigations have demonstrated that TAMs represent the most plentiful
immune cells infiltrating the TME. TAMs mainly exert M2-like pro-cancer effects in TME,
and regulate a variety of malignant effects including angiogenesis, immunosuppression,
and metastasis of tumors. Currently, many drugs targeting TAMs have entered the clinical
research stage. Therapeutic strategies targeting TAMs include: (1) inhibiting recruitment of
TAMs, (2) killing TAMs, (3) regulating the polarization of TAMs [63]. In addition, therapies
such as exosomes and CAR-M have also achieved good results in actual treatment. At this
stage, drug development for TAMs mainly focuses on the following targets (Figure 2).
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Figure 2. Immunotherapies targeting TAMs. Immunotherapies targeting TAMs have emerged as a
potential strategy to enhance anti-tumor immune responses. There are three main categories involved
in targeting TAMs: (1) Inhibition of macrophage recruitment: aims to prevent the recruitment of
TAMs into the tumor microenvironment. It involves suppressing the production of chemokines like
CCL2, CCL5, CXCL12, and their corresponding receptors such as CXCR4. Additionally, inhibition of
VEGEF formation can also prevent TAMs recruitment by reducing tumor angiogenesis; (2) Killing of
TAMs: focuses on directly eliminating TAMs. One way to achieve this is by inhibiting the CSF1-R,
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which is vital for the survival and proliferation of TAMs. Blocking CSF1-R can lead to the deple-
tion of TAMs within the tumor. The mechanism of action may be related to the activation of the
PI3K-dependent pathway and the Ras/mediator-activated protein kinase-dependent pathway; (3)
Reprogramming of TAMs into anti-tumor macrophages: aims to convert TAMs from a pro-tumor
phenotype into an anti-tumor phenotype. It involves activating specific receptors on TAMs, such as
CDA40 and TLRs. The mechanism of CD40 can be related to NF-kB and the transcriptional activator
STAT. The mechanism of TLR can be related to NF-«B and IRF signaling. Moreover, the binding of
CD47 to SIRP-a leads to activation and phosphorylation of the SIRP-« ITIM matrix and recruitment
of the SHP-1 and SHP-2 phosphatases, which inhibit the phagocytosis of tumor cells by preventing
myosin IIA from aggregating at phagocytic synapses. Interfering with the SIRP-x-CD47 axis has
been investigated as a way to restore the recognition and phagocytosis of tumor cells by TAMs. In
addition, exosomes and CAR-M have also been studied recently. Exosomes are small vesicles that
can be used to deliver therapeutic agents directly to TAMs, allowing targeted modulation of their
functions. The mechanism of miRNA can be related to NF-«B and IRF signaling. CAR-M refers to
genetically modified macrophages expressing chimeric antigen receptors, enabling them to recognize
and eliminate tumor cells more effectively.

2.4.1. Inhibiting Recruitment of TAMs

A strategy aimed at TAMs is to block their recruitment or prevent monocytes/
macrophages penetrating into the tumor. The recruitment of TAMs in tumors is typically
driven by monocyte recruitment via the C-C motif chemokine ligand (CCL)-2-C-chemokine
receptor (CCR)-2 axis. Alternative pathways engaged in the recruitment of TAMs are C-X-C
ligand (CXCL)-12-C-X-C receptor (CXCR)-4 axis and the VEGF receptor pathway. Targeting
all of these pathways is effective at inhibiting TAMs recruitment, as described in more
detail below.

Chemokines are small molecular proteins, which perform their function by binding to
G protein-coupled chemokine receptors (GPCRs) expressed on the cell surface [64]. The
CCL2, also known as monocyte chemotactic protein-1 (MCP-1), was the first CC chemokine
discovered and investigated for its inhibition of TAMs recruitment, and it prefers to bind to
its receptor, CCR2 [65]. CCL2 is released by tumor cells, stromal cells, and monocytes in
TME. Mechanistically, the expression of CCL2 is regulated by the NF-«B signaling pathway.
Various stimulatory factors released by tumor cells, such as TNF-«, IL-1§3, etc., can activate
the NF-«B signaling pathway, thus promoting the expression of CCL2. Inhibition of the NF-
kB signaling pathway can reduce the expression of CCL2, thereby reducing the recruitment
of TAMs [66]. In addition, it has been reported that STAT3 increases the expression of
CCL2, which in turn promotes the infiltration of TAMs [67]. Its receptor, CCR2, has a major
part in recruiting bone marrow monocytes into solid tumors, and progression towards
TAMs [68]. It has been found that inhibition of the CCL2/CCR2 signaling pathway with
anti-CCL2 antibodies can block the recruitment of TAMs, and delay the progression of
breast cancer [6]. A clinical trial (NCT01413022) observed that the combination of a CCR2
inhibitor (PF-04136309) with chemotherapy for the treatment of regional pancreatic cancer
was safe and well-tolerated—[69]. When compared to chemotherapy on its own, the
combination of the CCR2 antagonist CCX827-B (NCT02345408) and the chemotherapeutic
agent FOLFIRINOX enhanced overall survival in patients [70]. These studies indicate
that blocking the CCL2/CCR?2 axis is a potent way to suppress macrophages recruitment.
However, it is noteworthy that discontinuation of anti-CCL-2 therapy can lead to rebound,
increasing the liberation of monocytes formerly lodged inside the bone marrow, and thus
expediting breast cancer metastasis through the promotion of angiogenesis [71]. Therefore,
caution should be taken when using anti-CCL2 antibodies for future clinical trials. Apart
from CCL2, it is noteworthy that another C motif chemokine ligand, CCL5, also promotes
the recruitment of TAMs and contributes to tumor metastasis and recurrence, which can
be restricted by the CCL5 receptor antagonist maraviroc and the Raf kinase inhibitory
protein [72].
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The C-X-C ligand (CXCL)12CXC receptor (CXCR)4 axis and the vascular endothelial
growth factor receptor pathway can also inhibit the recruitment of TAMs. Matrix cell-
derived CXCL-12 could promote macrophages” migratory movement across the inner-
endothelial barrier and contribute to the aggregation and survival of TAMs in hypoxic
areas of the tumor [73]. Targeting CXCR-4 can dramatically lower overall tumor load and
metastasis in multiple models of preclinical cancer, including ovarian, prostate, and breast
cancers. CXCL12 binding to CXCR4 activates various signaling pathways and promotes
cell proliferation and survival. PI3 kinase, Ras, and AKT are all downstream effectors of
the CXCL12/CXCR4 axis, and activation of them promotes tumor cell growth, spread,
and migration [74,75]. Therefore, inhibiting CXCL-12-CXCR-4 signaling is an active tool
for regulating macrophages infiltration and preventing metastasis. A stage I clinical trial
(NCT02737072) in advanced refractory solid tumors showed that the combination of the
CXCR4 antagonist LY2510924 with durvalumab resulted in a safe and controlled response,
with a good overall response of stable condition in four out of nine patients (44.4%) after
treatment [76]. VEGEF is also involved in the function of recruiting macrophages into the
tumor, which requires macrophage-expressed VEGF receptor 2. Huang et al. alleviated the
hypoxic environment by using anti-VEGFR?2 antibodies. They also reported that low-dose
anti-vascular endothelial growth factor receptor 2 inhibited the HIF-1 pathway, improved
vascular perfusion, and subsequently repolarized TAMs to the M1 phenotype [77]. Further
research found that selective inhibition of VEGF receptor 2 reduces the infiltration of
macrophages and reduces angiogenesis in models of breast and pancreatic cancer [78].

2.4.2. Killing of TAMs

TAMs exhibit a variety of tumor-promoting effects, and are negatively associated with
the prognosis of patients with malignant tumors [79]. Therefore, elimination of existing
TAMs is an appealing cancer treatment approach. A strategy has been explored to block
colony-stimulating factor 1 (CSF1)-mediated signaling in TAMs. CSF-1, a predominant
growth and differentiation factor, widely expresses in cancer cells that cooperate with
colony-stimulating factor receptors (CSF-1R) [80]. CSF-1R is a kind of tyrosine kinase
receptor expression on monocytes, which could dimerize and transmit signals upon binding
to CSF-1 or IL-34 [17]. CSF-1 triggers the dimerization of CSF-1R, and the subsequent
autophosphorylation of specific tyrosine residues (e.g., Tyr723) in the intracellular structural
domain of CSF-1R [81]. Phosphotyrosine residues in the CSF-1R cytoplasmic domain induce
intracellular signaling molecule translocations and activate signaling cascades through
SH2 interactions, thereby activating PI3K-dependent and Ras/mitogen-activated protein
kinase-dependent pathways [82], ultimately promoting M2-TAMs proliferation, migration,
and survival. In addition, blocking the CSF1/CSF-1R axis can reduce the differentiation and
recruitment of monocytes to tumor sites, thus further hampering the viability of existing
TAMs [83]. Compound D2923 (2-ox0-3,4-dihydropyrimido[4,5-d]pyrimidine derivative) is
derived from a series of organic synthesis studies. It is a novel CSF1R-selective inhibitor
with potent anti-tumor activity in vitro and in vivo, capable of removing M2-like TAMs
from tumors [84]. Apart from that, monoclonal antibodies against CSF1, lacnotuzumab,
showed improved patient responses in combination therapy with advanced triple-negative
breast cancer in a recent randomized phase II clinical trial (NCT02435680) [85]. Similarly,
LY3022855 (NCT01346358) was demonstrated to be useful in reducing levels of TAMs
in intractable solid tumors [86]. Besides, a phase 1b/2 study of CSF-1R (ARRY-382), in
combination with the PD-1 antibody pembrolizumab for the treatment of individuals with
advanced solid tumors (NCT02880371), demonstrated that the combination was effective,
with a partial response in 2 patients (10.5%) with pancreatic ductal adenocarcinoma and
ovarian carcinoma, who lasted 29.2 months and 3.1 months, respectively. This indicated a
great potential of CSF-1R inhibitors in immunotherapy [87].

Apart from that, recent studies have proven that osteoporosis bisphosphonates can
remove TAMs by inducing macrophages to produce extraosseous myelin cytotoxicity.
In preclinical breast cancer models, bisphosphonates effectively decrease breast tumor
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growth by reducing the tumor invasion of TAMs [88]. Moreover, it has been found that
the anti-tumor drug trabectedin could induce apoptosis of TAMs through receptors of
TNF-associated apoptosis-inducing ligand (TRAIL), thereby selectively depleting mono-
cytes or macrophages in blood and tumors [89]. In pancreatic ductal adenocarcinoma,
trabectedin effectively depletes monocytes, and changes the TME by reducing IL10 pro-
duction and inducing CD8 T cell activation, leading to favorable clinical outcomes [90].
Excessive macrophages depletion may disrupt immune homeostasis, as well as increase
the incidence of infections and autoimmune diseases. To address the above side effects, we
can take measures such as implementing rigorous immune monitoring, promptly detecting
immune toxic reactions, and adjusting treatment plans based on the specific situation of
the patient. Additionally, combining immunotherapy with other treatment methods, such
as chemotherapy or radiotherapy, can better regulate the immune system’s response and
reduce immune toxicity; more clinical practice is needed to facilitate the maturation of this
therapeutic strategy.

2.4.3. Regulating the Polarization of TAMs

Altering TAMs phenotype is a new potential therapeutic approach to activate anti-
tumor immunity. A large number studies have shown that macrophage phenotypes are
highly plastic and can be easily regulated by the external microenvironment. This provides
an opportunity for TAMs to repolarize into M1-type macrophages, which can effectively
fight tumors and activate other immune cells [91]. Recent studies have found that affecting
CD40, CD47, TLR, etc., can change macrophages polarization.

CD40 belongs to the TNF receptor superfamily with extensive expression in antigen-
presenting cells, including macrophages, dendritic cells, and B cells, through interaction
with its ligand CD40 (CD40L). Moreover, the combination of CD40 and CD40L would acti-
vate the expression of major histocompatibility complex (MHC) molecules and then release
pro-inflammatory cytokines, including IL-12, to promote the activation of T-cells [92]. The
most common transcription factors activated by CD40 signaling are NF-«kB and activator of
transcription STAT [93]. Researchers elucidated that CD40 activation triggered glutamine
metabolism and fatty acid oxidation (FAO) to promote ATP citrate lyase-dependent epi-
genetic reprogramming of pro-inflammatory genes and anti-tumorigenic phenotypes in
macrophages [94]. Recently, three cloned CD40 monoclonal antibodies have displayed
good anti-tumor effects [95-97]: SGN-40, CHIR12.12, and CP-870,893. For example, CP-
870,893, a humanized CD40 monoclonal antibody developed by Roche, showed promising
efficacy in combination with chemotherapeutic agents, such as paclitaxel. In a phase I
clinical trial (NCT00607048), advanced solid tumor patients were treated with CP-870,893
and chemotherapy, resulting in four melanoma patients (27% of patients with melanoma)
getting an objective partial response at restaging (day 43) [98]. What is more, Wiehgen et al.
found that dual-targeting TAMs blocked by CD40 agonists and CSF-1 transformed TAMs
into pro-inflammatory phenotypes [99].

TLR is an innate immune—pattern—recognition receptor that can be activated by invad-
ing bacterial particles or viral nucleic acids, leading to macrophages polarization towards
the M1 type [100]. TLR agonists (mainly TLR4, TLR7, and TLR9 agonists) are reported to be
available for cancer therapy to stimulate polarization of TAMs to a pro-inflammatory phe-
notype [101]. TLR4 agonists stimulate activator protein 1 and interferon regulatory factor
(IRF) 3 signaling, leading to widespread activation of M1-related genes [102]. Studies indi-
cate that cationic polymers for clinical nucleic acid drug therapy can promote therapeutic
anti-tumor immunity in a mouse sarcoma model by activating TLR4 signaling to cause the
repolarization of TAMs [103]. Currently, TLR7 activation is another attractive target for the
repolarization of TAMs as it activates NF-«B and IRF7 signaling in macrophages [102]. TLR7
agonists convert myeloid-derived suppressor cells into tumor-killing M1 macrophages,
thereby effectively reversing oxaliplatin resistance in colorectal cancer patients [104]. In
addition, TLR9 activation with synthetic unmethylated cytosine-guanine oligodeoxynu-
cleotides (CpG-ODN) leads to the activation of the interleukin 1 receptor-associated kinase
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1 (IRAK)/TNF receptor-associated factor (TRAF) pathway, which in turn activates the
NF-kB [105]. The TLR9 agonist IMO-2125 can cause anti-tumor macrophages proliferation
and tumor regression in mouse models, as assessed in the clinical study of metastatic
melanoma [106].

Normal human cells can interact with SIRP«x expressed on the surface of macrophages
by expressing CD47, and transmit the signal “do not eat me” to macrophages to avoid
accidental injury by macrophages [107]. However, tumor cells can evade the killing of
macrophages with anti-tumor activity through high expression of CD47. The binding of
tumor cell CD47 to macrophage SIRP-« leads to the activation and phosphorylation of
the SIRP-o ITIM motif, and recruitment of SHP-1 and SHP-2 phosphatases, which inhibit
tumor cell phagocytosis by preventing the accumulation of myosin IIA at phagocytic
synapses [108]. Thus, by disrupting with the SIRP-a-CD47 axis (e.g., by using antibod-
ies against SIRPac and CDA47), it is possible to restore recognition and phagocytosis of
tumor cells by TAMs, and to activate anti-tumor immune responses [107,109]. Anti-CD47
monoclonal antibody Hu5F9-G4 can activate the phagocytosis and other killing effects of
macrophages on tumor cells [110]. Clinical trials of its association with rituximab in the
treatment of patients with non-Hodgkin’s lymphoma are being conducted in phase 1b/2
(NCT02953509), providing a new approach for tumor immunotherapy [111]. Although
blocking CD47-SIRRP alpha is a promising therapeutic strategy, and the monoclonal,
double-clonal, and fusion proteins of this target have been extensively studied, off-target
toxicity is still a limitation of this strategy.

2.4.4. Other Targeting Strategies

In recent years, treatment strategies for cancer that target TAMs have been rapidly
evolving, with numerous relevant research findings. As a new type of drug carrier, exo-
somes are used for drug delivery as natural nanoscale vesicles with a structure similar to
the cell membrane, which can penetrate the biofilm to enter the receptor cell and secrete
the drug through biofilm fusion (including endocytosis, cytotoxicity, and phagocytosis).
In addition, they have good biocompatibility, targetability, and low immunogenicity [112].
Exosomes do not act directly on tumors, but affect them by releasing internal substances
and they contain various substances inside them, such as proteins and miRNAs [113].
MicroRNA, a 19-24 nucleotide non-coding RNA, is a key transcriptional regulator of gene
expression in organisms [114]. Mature miRNAs are processed from hairpin-like precursor
miRNAs by the RNAse III enzyme double-stranded RNA (dsRNA)-specific endonuclease
(DICER) [115]. Deletion of DICER in macrophages induces M1-like TAMs reprogramming,
which is characterized by promoting the recruitment of activated CTLs into tumors [116].
MiRNAs are strongly associated with macrophage polarization. Thulin et al. indicated that
miRNA-9 in monocytes activated PPARS, which in turn enhanced M1 macrophages polar-
ization [117]. Furthermore, overexpression of miRNA-125b in macrophages was found to
be effective in enhancing macrophage responses to M1-inducing factor IFN-y by targeting
IRF4. Thus, knockdown of IRF4 enhanced M1 activation and pro-inflammatory responses
in macrophages [118]. The hypoxic glioma-derived exosome miRNA-1246 promotes glioma
proliferation, migration, and invasion in vitro and in vivo by inhibiting the NF-«B signal-
ing pathway, activating the STAT3 signaling pathway and inducing M2 macrophages
polarization [119]. The lung cancer exosome miRNA-19b-3p targets PTPRD-mediated
dephosphorylation of STAT3 in macrophages, activates STAT3, and causes M2 polarization
in macrophages [120]. Exosomes secreted by tumor cells with cell-of-origin-related genetic
information can be used as a means of tumor immunotherapy. For example, the presence
of miRNA-155 and miRNA-125b in exosomes secreted by pancreatic cancer cells induces
a tumor-killing M1 phenotype in macrophages [121]. Similarly, the secretion of miRNA-
125b-transfected exosomes from colon cancer mediates macrophage repolarization towards
the M1 phenotype [122]. Given the critical role of exosomal miRNAs in macrophage polar-
ization, we believe that exosomes have great potential in clinical therapeutics. Moreover,
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miRNA vaccines are currently in the developmental stage and offer a promising approach
to targeting TAMs and enhancing anti-tumor immunity.

During the past decade, a hot topic of research in immunotherapies has been the
chimeric antigen receptor (CAR). It is a single-chain changeable fragment antibody attached
to specific proteins in tumor cells. Depending on the intracellular structural domains,
CAR has been developed into its fourth generation and has achieved good therapeutic
results in hematological tumors. Similar cell therapies such as CAR-M and CAR-NK are
inspired by the genetically engineered CAR-T [123]. A central component of CAR-M
contains an extracellular structural domain in which a single-chain variable fragment (scFv)
offers specific recognition, a hinge structural domain, a membrane-spanning structural
domain, and an intracellular structural domain providing outstream signaling [124]. CAR-
M expresses pro-inflammatory cytokines and chemokines, promotes the transgenesis from
M2 macrophages to M1, recruits antigens and presents them to T cells, and also resists the
effects of immunosuppressive cytokines. In addition, it is found that CAR-M is further
proven to induce pro-inflammatory TME and to augment anti-tumor T-cell activity in
humanized mouse models [125]. CAR-M technology continues to develop, and studies
have shown that MPEI/pCAR-IFN-y could indulge CAR-M1 macrophages to produce
potent anti-tumor immunity in vivo. This approach could improve the poor response of
CAR-T cell therapy to tumor treatment [126]. A clinical trial (NCT03608618) involved
the construction of CAR immune cells (including CAR-M) by transfecting peripheral
blood mononuclear cells with mRNA for patients with recurrent/refractory ovarian cancer
and peritoneal mesothelioma, but unfortunately the study was discontinued without any
results [127]. The CAR family of cellular therapeutics, despite challenges such as off-target
toxicity, neurotoxicity, and inflammatory factor storms, also points to a new direction for
anti-tumor therapy (Figure 2).

3. Clinical Application and Scientific Research in TAMs

Clinical studies targeting TAMs have indeed gained significant attention in the field
of tumor therapy. Therapeutic strategies aimed at TAMs include approaches to block their
origin and aggregation, as well as to modulate their polarization. These strategies recognize
the importance of TAMs in TME, and seek to manipulate their function to enhance anti-
tumor immune responses. Clinical research is being conducted to explore novel therapeutic
agents and immunotherapies specifically targeting TAMs. Promising results have been
observed in liver, breast, lung, and colorectal cancers. This section focuses on clinical
studies of TAMs in different types of cancer (Table 1).

3.1. Liver Cancer

Hepatocellular carcinoma (HCC) is a highly prevalent malignant tumor of the gas-
trointestinal system. TAMs are crucial immunological cells present within TME of HCC. It
has been demonstrated that TAMs could increase the cell proliferation, invasion, and mi-
gration ability of HCC by secreting various cytokines, inducing the occurrence of epithelial—-
mesenchymal transition, and then accelerating the progression of HCC [128]. In addition,
Bao et al. found that DNA stress caused by mitochondrial fission accelerated the infiltration
of TAMs in the microenvironment of HCC, and enhanced the growth and metastasis of
HCC [129]. Researchers are investigating various approaches to modulate TAMs in HCC to
shift their polarization from the immunosuppressive M2 macrophages to pro-inflammatory
M1 macrophages, killing or inhibiting the recruitment of TAMs. By doing so, the anti-tumor
immune reaction can be enhanced, potentially leading to improved therapy outcomes. Cur-
rently, the major drugs for HCC treatment targeting TAMs in clinical or scientific trials are
SNDX-6352, BMS-813160, and Sorafenib.

SNDX-6352, a CSFR-1 inhibitor, could affect the proliferation, differentiation, and
survival of TAMs by binding to CSE-1R. In a clinical trial (NCT04301778), the combination
of SNDX-6352 (CSFR-1 inhibitor) and Durvalumab (MEDI4736) was superior to Durval-
umab alone in treating patients with intrahepatic cholangiocarcinoma who had received
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chemotherapy or radiation therapy. Durvalumab combined with CSF-1R inhibitor SNDX-
6352 improved overall survival (OS) in previously treated intrahepatic cholangiocarcinoma
patients without causing any serious adverse effects, indicating the great potential of the
CSF-1R inhibitor immunotherapy [130].

BMS-813160 is identified as a potent and selective dual CCR2/5 antagonist. Stud-
ies have confirmed its ability to inhibit the migration of inflammatory monocytes and
macrophages [131]. A clinical study (NCT04123379) of nabulizumab and a CCR2/5 in-
hibitor (BMS-813160) given before and after surgery to HCC patients is underway, to inves-
tigate whether the drug BMS-813160 can boost long-term survival in cancer patients [132].

Sorafenib, a multi-targeted kinase inhibitor that inhibited VEGF2 to reduce the density
of TAMs [133], is currently the most effective drug for treating patients with advanced
HCC [134]. Numerous preclinical investigations have indicated that sorafenib significantly
suppresses tumor growth and lung metastasis [135]. A clinical trial (NCT02971696) to
assess the efficacy of sorafenib versus optimal supportive therapy in two cohorts of pa-
tients with advanced HCC showed sorafenib (VEGF2 inhibitor) improved overall survival
compared with optimal treatment [136]. In addition, a phase II study (NCT01259193) was
designed to assess the safety, overall survival, and time to progression of sorafenib in
combination with zoledronic acid in advanced HCC. Unfortunately, this clinical trial has
been terminated [137].

Recent studies have found that levatinib can regulate cancer immunity in TME by
decreasing TAMs, especially exhibiting enhanced anti-tumor activity in the IFN signaling
pathway when combined with PD-1 blockers [138]. It is reported that the natural compound
baicalin directly induces reprogramming of TAMs into M1-like macrophages via activation
of the autophagy-related reticuloendotheliosis virus oncogene homologue B (RelB)/p52.
This study demonstrated that the tumor-suppressive effect of baicalin is dependent on the
conversion of macrophages for the treatment of HCC from M2-like phenotype to M1-like
phenotype [139].

Clinical trials of CAR-M therapies have opened up a new frontier in the use of
macrophages to treat solid tumors. An open-label, single-arm, phase I clinical trial
(NCTO04660929) is underway to assess the tolerability and safety of CT-0508 in terms
of the frequency and severity of adverse events in subjects [140]. However, because of the
heterogeneity of liver cancer, it remains challenging to discover hepatic tumor cell-specific
targets and the effect of engineered macrophages in hepatic TME. Whether CAR-M en-
hances tumor suppression in combination with CAR-T, multi-targeted kinase inhibitors,
and ICIs remains to be further investigated.

3.2. Breast Cancer

Breast cancer ranks 2nd in global cancer mortality among females [141]. Abundant
laboratory studies have provided evidence of the role of M2-polarized macrophages in
breast cancer. These macrophages with an M2-like phenotype have been shown to promote
tumor-cell proliferation, interfere with immunosuppression, and promote angiogenesis
(the formation of new blood vessels) [12]. The high density of cells expressing macrophage-
associated labels in primary breast cancer is usually related to a poorer prognosis for the
patient; CD68 and CD163 have been widely used as human pan-macrophage markers [142].
Recently, clinical drugs for TAMs, such as PLX3397, Selicrelumab, Imiquimod, 852A, etc.,
have been used in clinical trials and have gained good prospects.

Pexidartinib (PLX3397), a CSF1/CSF1R-signaling inhibitor, could induce a reduction
in the number of TAMs and lead to a remarkable delay in tumor recurrence [143]. A clinical
trial (NCT01596751) assessing the safety and efficacy of eribulin in combination with CSF1
inhibitor PLX3397 in patients with metastatic breast cancer showed that 5 participants in
phase II obtained an objective response [144]. Furthermore, a phase 1b study evaluating the
safety of PLX3397(NCT01525602) and paclitaxel in advanced solid tumor patients (includes
breast cancer) has been completed. The results were promising and without any serious
adverse effects in patients receiving PLX3397 1600 mg/day, with 1 in 20 (5%) receiving
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complete remission, 2 in 20 (10%) obtaining partial remission, and 6 in 20 (30%) with a
stable disease [145].

Selicrelumab (also known as RO7009789) is a wholly human IgG2 antibody with strong
agonistic activity and low binding affinity for human FcyR. To date, selicrelumab is the
most widely evaluated agonist CD40 antibody in clinical research [146]. Apart from being
tested as a single therapy, it has been assessed in combination with other therapies. An
open-label, multicentre, dose-escalation phase Ib clinical trial (NCT02760797) was designed
to evaluate the safety, pharmacokinetics, pharmacodynamics, and therapeutic activity of
emactuzumab (CSF-1R) combined with selicrelumab (CD40 Antibody) in patients with
advanced solid tumors (including breast cancer) [147]. The results revealed a manageable
safety profile and evidence of progressive disease activity of emactuzumab in combination
with selicrelumab, but did not translate into objective clinical responses [148].

Imiquimod is an immune response modifier that can induce the immune-mediated
rejection of primary cutaneous malignancies when applied locally. It was evaluated in
a phase II study (NCT00899574) in patients with cutaneous breast cancer metastases;
10 patients participated and completed the study [149]. The results indicated that patients
tolerated the imiquimod treatment well, with only grade 1 to 2 transient topical and
systemic adverse effects, consistent with the immunomodulatory effects of imiquimod.
Interestingly, the results revealed that topical imiquimod was an active and well-tolerated
treatment for skin/chest wall metastases of breast cancer [150].

Molecule 852A, TLR 7 agonist, is a novel immune response modulator. In a phase II
trial (NCT00319748), molecule 852A was administered subcutaneously in patients with
recurrent ovarian cancer (n = 10), breast cancer (n = 3), and cervical cancer (n = 2) who
had been treated with strict therapy [151]. The optimal response was the stabilization
of all patients. Unexpected toxicities such as myocardial infarction and infection also
occurred [152] (Table 1).

In addition, Li et al. found that Andrographolide suppressed breast cancer progression
by regulating TAMs towards M1 polarization via the Wnt/-catenin pathway [153]. It
was found that Cordyceps sinensis extract could inhibit the progression of triple-negative
breast cancer by enhancing the polarization of TAMs towards M1-type via activation of
the NF-«B pathway [154]. Research found that dendrosomal curcumin exerted a protective
effect on metastatic breast cancer in mice by increasing macrophage M1 levels in TME [155].
Immunotherapies targeting TAMs for the treatment of breast cancer have achieved promis-
ing results in both clinical research and scientific studies, however there is still a long way
to go to bring individualized treatment options to patients.

3.3. Lung Cancer

Lung cancer represents one of the most common malignant tumors in the world and its
incidence is increasing year by year [141]. Although the treatment of lung cancer has been
highly successful, the 5-year survival rate of patients is still less than 15% [156]. Recently,
immunotherapy targeting TAMs has received widespread attention. Casanova-Acebes et al.
found that early in the course of human and mouse non-small cell lung cancer (NSCLC),
tissue-resident macrophages congregated around lung cancer cells and contributed to
cancer cell aggression, resulting in an increased number of regulatory T-cells and the
promotion of tumor-immune escape. Thus, the removal of tissue-resident macrophages
could reduce the quantity of regulatory T-cells, facilitate the accumulation of CD8 + T
cells, and inhibit tumor growth [157]. TAMs are critical for the survival of circulating lung
cancer cells, and the removal of TAMs by genetic approaches could significantly inhibit
cancer cell survival in lung capillaries and lead to lung metastasis [158]. In addition, Lu
et al. found that octamer-binding transcription factor 4 (Oct4) expressed by lung cancer
cells promoted macrophages’ polarization towards M2-type TAMs through upregulation of
M-CSE, leading to tumor growth and the progression of metastasis. These findings indicate
that TAMs play indispensable functions in the process of lung cancer proliferation and
metastasis, and drugs-targeted TAMs may gain promising results in lung cancer.
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Emactuzumab is a CSFR-1inhibitor. It was used in a clinical trial (NCT02323191) com-
bination with PD-L1 (atezolizumab) inhibitor therapy to assess the safety, pharmacokinetics,
and activity for participants with advanced solid tumor [159]. The findings indicated that
the confirmed objective response rate (ORR) was 12.5% for immune checkpoint blockers
(ICB)-experienced NSCLC, and emactuzumab in combination with atezolizumab demon-
strated a manageable safety profile, which suggested that the combination of CSFR-1
inhibitors with PD-L1 inhibitors has great promise.

Tazemetostat, is a small molecule enhancer of the zeste homolog 2 (EZH2) inhibitor.
It has been found that EZH2 could promote lung cancer metastasis and macrophages
infiltration through the up-regulation of CCL5, therefore inhibition of EZH2 could sup-
press lung cancer progression [160]. An open-label, single-arm, phase Ib/II clinical study
(NCTO05467748) is currently underway, in which pembrolizumab is being used in conjunc-
tion with tazemetostat in the treatment of patients with advanced NSCLC who experienced
disease progression from front- or second-line treatment [161].

Eganelisib (IPI-549) is a first-in-class, innovative, oral PI3K~y inhibitor [162]. Preclini-
cal research revealed that PI3K-y had an essential role in sustaining the immunosuppressive
condition of TAMs in TME. Eganelisib targeting PI3K-y could reprogram key immunosup-
pressive macrophages (M2) to anti-tumor macrophages (M1) within TME, thereby down-
regulating immunosuppression, increasing immunoreactivity, and eventually leading to
the mobilization and multiplication of killer T-cells [163]. A period 1/1b dose-escalation
trial (NCT02637531), designed to investigate the safety, tolerability, pharmacokinetics, and
pharmacodynamics of IPI-549 single-agent treatment in combination with nivolumab for
the treatment of subjects with NSCLC, is in the enrolment phase [164] (Table 1).

Furthermore, scientific studies have found that shuangshen granules could inhibit the
growth and formation of lung cancer. The mechanism may be related to the regulation of
TAMs [165]. Astragaloside IV blocks macrophage M2 polarization via the AMPK signaling
pathway, reducing lung tumor growth, infiltration, migration, and angiogenesis, which
might play an active part in inhibiting lung cancer metastasis [166]. Targeting TAMs
might be an outstanding strategy for lung cancer treatment, as shown in clinical trials and
scientific studies. However, the clinical use of current strategies for treating lung cancer,
such as surgery and chemotherapy, is still very limited and we still have a long way to go.

3.4. Colorectal Cancer

TAMs play an indispensable role in the pathogenesis of colorectal cancer (CRC). In-
creasing evidence suggests that TAMs are associated with the prognosis of CRC patients.
CDe68, as a surface marker of pan-TAMs, is found to be associated positively with overall
survival in CRC tissues [167]. From a study of 159 primary CRC, Algars et al. discovered
that the count of peritumoral M2 macrophages was positively correlated with survival in
earlier-stage CRC, but negatively correlated with survival in stage IV CRC [168]. Further-
more, TAMs in colon cancer secrete TNF-«, IL-1(3, and stimulate the NF-kB pathway in
the vessel endothelium to generate VEGF, which in turn boosts angiogenesis and alters the
TME [169]. Indeed, the findings suggest that TAMs might be a prospective target for new
anti-colorectal cancer therapeutic strategies.

Maglumab (Hu5F9-G4), a humanized IgG4 monoclonal antibody, shows high affinity
for human CD47. Hu5F9-G4 is designed to disrupt the identification of CD47 by the SIRPo
receptor on macrophages, thereby preventing cancer cells from using the “do not eat me”
message to avoid macrophage phagocytosis [110]. In preclinical in vivo models, Hu5F9-G4
is active against a variety of solid tumors, including breast, ovarian, colon, liver, brain, and
other organ cancers [170-172]. A phase 1b/2 clinical trial (NCT02953782) has revealed that
2 in 30 CRC patients confirmed partial remission for 7.0 and 12.5 months, with an objective
remission rate of 6.7%, in which Hu5F9-G4 in conjunction with cetuximab were treated for
patients suffering from advanced CRC [173]. Moreover, patients with CRC treated with
Hu5F9-G4 in combination with cetuximab did not experience any serious adverse effects,
and therefore Hu5F9-G4 has a favorable safety and tolerability profile.
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Tumor-associated macrophage kinase (TAMK) commonly expresses on tumor cells
in the process of malignant transformation. Suppression of TAMK family members AXL
and MERTK could lower the threshold of immune activation and enhance anti-tumor
immunity. PF-07265807 is a small molecule inhibitor of MERTK and AXL [174]. A clinical
trial (NCT04458259) is underway to test the safety, pharmacokinetics, and tolerability of PF-
07265807 in participants with advanced CRC, which is still in the recruitment phase [175].

A phase I dose-escalation clinical trial (NCT02777710) was designed to estimate the
clinical efficacy and safety of the combination of pexidartinib (anti-CSFIR antibody) and
durvalumab (PD-L1 agonist) in individuals diagnosed with advanced /metastatic CRC, and
results demonstrated that toxicity was consistent with the expected profile of the individual
agents, and no unexpected events were identified with this combination [176] (Table 1).

In addition, scientific studies have found that the nutrient 3-carotene is effective at
inhibiting M2 macrophages polarization and fibroblast activation, which in turn could
suppress the growth and metastasis of CRC [177]. In summary, targeted TAMs therapy
has potential efficacy in the cure of CRC, with the deepening of research and continuous
technological advancement. It is believed that TAMs therapy will become an important
means of CRC treatment. Future clinical studies and clinical applications will further
validate its efficacy and safety, bringing more treatment options and hope to CRC patients.

3.5. Other Types of Cancer

Other than the cancer types mentioned above, the investigation of TAMs in other
kinds of cancer is rapidly evolving, with varying results in patients, and it has attracted
widespread attention.

A phase Ib/II trial (NCT02807844) assessed the safety and efficacy of lacnotuzumab
(MCS110) versus spartalizumab (PDR001) for patients with pancreatic cancer, endometrial
cancer, and advanced melanoma. Common adverse events (AEs) suspected to be drug-
related were oedema around the eyes (30%), elevated aspartate aminotransferase (24%),
and elevated blood creatine phosphokinase (24%), with the most common grade >3 AEs
suspected to be related to the drug (6%). Out of 30 patients suffering from pancreatic cancer,
1 achieved a partial response (346 days into the study) and 2 had durable stable disease
(328 and 319 days into the study, respectively). The results showed that MCS110, combined
with PDR001, was generally well tolerated [178].

In addition, a clinical trial (NCT01676831) found a favorable safety profile with the
topical use of raquinimod (TLR7/8 agonist) in treating early-stage cutaneous T-cell lym-
phoma [179]. However, due to the small number of subjects, further in-depth studies are
needed. What is more, a clinical trial [180] (NCT00537368) evaluated the safety, efficacy,
and pharmacokinetics of CNTO888(CCL2 antibody) alone or in combination with other
commonly used chemotherapeutic agents for the therapy of solid tumors such as ovarian
and prostate cancers. Durable disease stabilization of 5-15.7 months was observed in
4 patients. Moreover, two of these patients with ovarian and prostate cancer experienced
sustained reductions in cancer antigen 125 and prostate-specific antigen of more than
50% at 10 and 5 months, respectively [181]. In addition, a clinical study (NCT00992186)
designed to determine the efficacy and safety of carlumab in patients with metastatic
refractory prostate cancer demonstrated that carlumab was well tolerated but failed to
show single-agent anti-tumor activity [182]. For individuals with a recurrent or refractory
primary malignant central nervous system tumor or freshly diagnosed diffuse endogenous
pontine gliomas, a phase I clinical trial (NCT03389802) is currently underway, assessing the
site-specific tolerability and safety of a monoclonal antibody to CD40 agonist (APX005M)
in patients [183]. Furthermore, histone deacetylase inhibitors were found to be effective in
modulating the polarization of TAMs towards the M1-type, and thus exerting anti-tumor
effects [184]. A phase II clinical trial (NCT00134043) was conducted to estimate the objective
response to a histone deacetylase inhibitor (vorinostat) in 19 participants with progressive
thyroid cancer. The results showed that there were no patients achieved partial or complete
remission [185] (Table 1).
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Clinical studies and scientific research are helping us to gain a deeper understand-
ing of the relationship between TAMs and different types of cancer. These studies are
expected to provide an important theoretical basis for the exploitation of new drugs and
immunotherapeutic approaches. In the future, more personalized and effective treatment
options can be provided to patients.

4. Conclusions and Future Directions

TAMs represent a major category of innate immune cells in TME, and they are broadly
expressed in a diverse range of tumor tissues [188]. A large infiltration of TAMs or the
abundance of TAM-related genes generally predicts tumor advancement or a worse out-
come of the disease. There are two main forms of TAM: M1-type macrophages with tumor
growth suppression, and the M2-type macrophages with a tumor-promoting effect, which
can be transformed through multiple signaling pathways. In addition, extensive findings
have indicated that TAMs are closely related to various tumor-related processes, promot-
ing oncogenesis and proliferation, speeding up angiogenesis, facilitating invasion and
metastasis, and triggering drug tolerance and immunosuppression. Therefore, multiple
tumor-promoting mechanisms in TAMs offer many attractive new targets in cancer therapy.
Tumor immunotherapies that target TAMs, involving the suppression of TAMs recruitment,
the acceleration of TAMs apoptosis, and the modulation of TAMs anti-tumor polarity,
display tremendous potential in both basic and clinical oncology studies.

It is inspiring that drugs against TAMs are undergoing clinical trials and displaying
anti-tumor benefits. The CSF-1R inhibitor pexidartinib shrank tumor size and improved
symptoms in patients with tenosynovial giant cell tumor (TGCT), with encouraging re-
sults in the phase III clinical study (NCT02371369) of CSF1/CSF1R-targeted therapy for
benign diffuse TGCT [186]. Results from the ENLIVEN trial prompted the FDA to approve
pexidartinib for the treatment of asymptomatic TGCT patients with serious comorbidi-
ties or functional limitations TGCT, which originated in the synovium and was marked
by CSF-1 overexpression, and this supported a successful response to treatment [189].
However, some poor therapeutic outcomes also exist. In a phase I/1I trial of AMG 820-
pembrolizumab co-therapy, 37.1% had rash and maculopapular rash, 48.3% had perior-
bital and facial oedema, and 59.5% of patients had elevated aminotransferase of aspartic
acid [190]. Furthermore, in a phase I trial [187] of AMG 820 monotherapy (NCT01444404),
periorbital oedema was present in 44% of participants and aspartate aminotransferase
was elevated in 28%. It has been argued that the limited success of the current published
data may be attributed to acquired disease resistance mediated through the activation
of phosphatidylinositol-3-kinase [191]. Taken together, these data indicate that targeting
macrophage subpopulations rather than all macrophage populations may have a prospec-
tive therapeutic effect. Therapeutic strategies targeting CCL2-CCR2 signaling to kill TAMs
have proved promising in existing studies, but there are some problems, e.g., monocytes
require CCL2-CCR2 signaling to enter the bloodstream from the skeleton, the inhibition
of CCL2 leads to the severe depletion of monocytes, and macrophages in the tissues may
undergo compensatory proliferation if TAMs recruitment is blocked. In fact, the discovery
of molecules required to inhibit monocyte retention (e.g., CCL3) or to induce monocyte dif-
ferentiation may be a superior approach [192]. Taken together, these observations suggest
that repolarization of macrophages is the most promising therapeutic strategy available.
It is well known that TAMs are typically tumor-friendly, however, they can be converted
to a tumor cell-killing state under certain conditions, and repolarization can rebalance
microenvironmental immunity from a therapeutic pro-tumor immune infiltration to a state
of active tumor-rejecting immune infiltration. Furthermore, this approach does not have
the drawbacks caused by the inhibition of TAMs recruitment and the long-term toxicity
associated with a lack of TAMs. Currently, imiquimod (TLR7 agonist) is permitted by the
FDA for topical application in squamous cell carcinoma and basal cell carcinoma. Further-
more, the emerging therapeutic technology CAR-M has created a new paradigm for the
exploitation of macrophage-based cancer immunopharmaceuticals. On 27 July 2020, the US
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Food and Drug Administration granted new drug approval for anti-human HER2-CARM
(CT-0508) for the treatment of recurrent or metastatic HER2 overexpressing solid tumors. It
marks a meaningful advance in cell-based cancer immunotherapy.

As far as I am concerned, for different cancers, targeted therapy with TAMs in HCC
is promising because TAMs are known to infiltrate to a high degree in HCC, which corre-
lates with the prognosis of the tumor. Secondly, recent studies have found that xanthine
oxidoreductase (XOR) deficiency in TAMs increased isocitrate dehydrogenase (IDH)-3«
activity, which polarized TAMs towards alternatively activated M2 phenotypes, exacer-
bated CD8 + T cell depletion, and promoted HCC progression. Among them, XOR was
usually considered to be a promoter of M1 macrophages activation, therefore, XOR-IDH3«
was a key axis controlling TAMs polarization and HCC progression [193]. The discovery of
this potential target provides novel insights into the treatment of HCC. Moreover, recent
findings have linked a number of genetic mutations in thyroid cancer that are associated
with the polarization of TAMs, for instance, mutations in the BRAF gene have been shown
to result in the conversion of TAMs to the M2 phenotype [194], and targeted therapies can
be much better exploited with the benefit of this gene. Immunotherapies targeting TAMs
have different immunotherapeutic effects in different tumors due to the heterogeneity of
tumors and differences in the individual immune microenvironment of patients. TAMs
immunotherapies also do not show good therapeutic efficacy in all individuals and on all
tumors, and the occurrence of adverse events is not the same.

In conclusion, TAMs hold high promise as targets for cancer immunotherapy. Cur-
rently, targeted therapeutic drugs for TAMs are still in the research and development
stage, and the targeting and selectivity of the drugs need to be further improved, while
the diversity and plasticity of TAMs in TME also increase the challenge of drug therapy.
TAMs play an immunosuppressive part in tumors, and can inhibit the killing function of
immune cells; M2 TAMs are especially key to tumor refractoriness and the development
of drug resistance. Therefore, overcoming tumor immune escape is crucial for therapies
targeting TAMs. Tumor cells and TAMs can acquire drug resistance through multiple
mechanisms, which poses a challenge for therapies targeting TAMs. More effective drugs
and combination therapy strategies need to be developed to overcome resistance. Going
forward, better strategies would be to specifically target tumor-promoting macrophages,
enhance the anti-tumor activity of macrophages, or depolarize existing macrophages. Cur-
rently among the strategies targeting TAMs complexes, exosomes and CAR-M therapies
show potential for treating solid tumors. Although some therapeutic strategies targeting
TAMs have displayed some effectiveness in the data from clinical trials, there is a dearth of
adequate clinical data and evidence to support their widespread use. Further large-scale
clinical studies are needed to address the safety and tolerability issues associated with the
treatment, with the ultimate goal of optimizing treatment options for patients.
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Abstract: The tumor microenvironment (TME) plays critical roles in immune modulation and tumor
malignancies in the process of cancer development. Immune cells constitute a significant component
of the TME and influence the migration and metastasis of tumor cells. Recently, a number of
therapeutic approaches targeting immune cells have proven promising and have already been used
to treat different types of cancer. In particular, PD-1 and PD-L1 inhibitors have been used in the
first-line setting in non-small cell lung cancer (NSCLC) with PD-L1 expression >1%, as approved
by the FDA. In this review, we provide an introduction to the immune cells in the TME and their
efficacies, and then we discuss current immunotherapies in NSCLC and scientific research progress
in this field.

Keywords: NSCLC; TME; immune cells; immunotherapies

1. Introduction

Cancer is one of the leading causes of mortality worldwide [1], contributing to a
reduction in life expectancy in many nations [2]. The Global Burden of Cancer 2020
(GLOBOCAN 2020) database from the World Health Organization estimates the most
recent incidence and mortality rates for 36 varieties of cancer as well as cancer trends in
185 nations. This latest cancer report demonstrated that there were almost 19.3 million
new cases of cancer and close to 10 million cancer-related deaths in 2020, and that by
2040 there would be 28.4 million new cancer cases worldwide [3,4]. The most recent edition
of the International Agency for Research on Cancer (IARC) World Cancer Report shows
that cancer is the primary cause of death among people aged 30 to 69 [5]. Lung cancer is
the leading cause of cancer-related deaths and ranks second in terms of cancer incidence
worldwide, with an estimated 1.8 million deaths (18%) in 2020 [4]. Non-small cell lung
cancer (NSCLC) accounts for 85% of all lung cancer cases and is one of the most fatal
tumors worldwide [6]. According to the Chinese National Cancer Center’s statistics for
2016, the number of lung cancer cases was about 787,000 and the number of deaths was
about 630,000, making it the primary cause of mortality (21.7%) in China [7]. In recent
years, the survival rate of NSCLC patients has increased due to the development of surgery,
radiotherapy, and other treatments. However, the 5-year survival rate remains low, with a
rate of 15% [8].

The tumor microenvironment (TME) is widely considered to be vital in dynamically
modulating tumor growth and affecting therapeutic effectiveness, and numerous thera-
peutic approaches targeting components of the TME have been designed recently. The
TME is defined as the cellular environment. It is composed of various cell types, such as
cancer cells, immune cells, stromal cells, and cytokines as well as chemokines [9,10]. Much
scientific research indicates that regulating a particular TME component can increase cancer
survival rates. Garon et al., revealed that the combination of docetaxel and ramucirumab,
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which targeted vascular endothelial growth factor receptor-2 (VEGFR-2), could effectively
prolong the lifetime of NSCLC patients [11]. Gocheva et al., illustrated that Tenascin-C, one
of the components of the extracellular matrix, was much more prevalent in primary and
metastatic lung cancers than in normal tissue, which was closely related to lung cancer
patient survival [12]. Moreover, a study by Lambrechts analyzed the TME cell profile of
lung cancer and discovered that a subpopulation of Tregs from NSCLC was related to a
poor prognosis for lung adenocarcinoma [13].

Immune cells have been shown to be crucial in the TME. Tumor cells can develop a
variety of immunosuppressive mechanisms, causing cancer cells to evade immune surveil-
lance and undergo immune escape, resulting in tumor proliferation after treatment [14].
Different types of immune cells within the TME are able to activate an immune response
through a number of interactions, and lead to a substantial impact on tumor progression
and metastasis [15]. In the past few decades, a number of immunotherapies have already
been used to treat different types of cancer. Inmunotherapy is an essential part of cancer
therapy, with better efficacy and fewer side effects than conventional chemotherapies.
Rodriguez-Garcia demonstrated that CAR-T cell therapy, which was approved by the
FDA for use in clinical treatment for B cell acute lymphoblastic leukemia, is an extremely
successful therapy for hematological malignancies [16,17]. There is also increased promise
for treatment of tumors with immunotherapies targeting Dendritic Cells (DCs), such as DC
vaccines. DCs can induce tumor-directed immune responses in cancer patients by activat-
ing cytotoxic T cells [18]. The treatment of advanced NSCLC has undergone a fundamental
change due to the advent of immunotherapy in recent years. The use of immune check-
point inhibitors (ICIs) alone or in combination with chemotherapy has become the primary
immunotherapy strategy for advanced or metastatic NSCLC without driver mutations [19].
The FDA has approved the use of ICI therapies such as nivolumab, pembrolizumab and
atezolizumab as first-line therapy for NSCLC patients with high PD-L1 expression [20].
Nevertheless, a large proportion of patients still suffer from disease progression.

In this review, we focus on the immune cells in the TME and tumor development.
We also discuss the mainstream immunotherapies currently used to treat NSCLC and
some novel therapeutic approaches used in the clinic, highlighting therapies that are under
clinical trials or that have been approved.

2. Immune Cells in Tumor Microenvironment

Immune cells are a fundamental part of the TME and are essential for both pro- and
antitumor immune responses [21]. The cells of the immune system include both innate
immune cells, such as macrophages, neutrophils, mast cells, DCs, and MDSC and NK cells,
and adaptive T and B lymphatic immune cells [22]. Early studies using immunohistochem-
istry to identify immune cells in NSCLC found that NSCLC tumors contain multiple types
of immune cells, including T cells, B cells, macrophages, NK cells, and DCs, and many
studies have demonstrated a crucial link between immune cells and the survival of NSCLC
patients [23,24]. It is clear that immune cells are a non-negligible presence in the TME.
Most importantly, the immune system is normally capable of monitoring, recognizing, and
destroying cancerous cells [25]. However, due to their close proximity to tumor cells, or
as a result of chemokine and cytokine communication, the immune cells within the TME
are able to evade identification and annihilation by the host immune system [26]. The
occurrence of lung cancer and the entire process from early lung cancer to metastatic lung
cancer are considered to depend on the immune escape mechanism [27,28]. Therefore, the
role that immune cells play in the TME and the mechanisms by which they influence tumor
growth deserve to be discussed. In the following part, we introduce the main immune cells
in the TME, including T cells, tumor-associated macrophages, dendritic cells, and natural
killer cells (Figure 1).
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Figure 1. Tumor microenvironment and immunotherapies. The TME is composed of various cell
types, such as cancer cells, immune cells, and stromal cells, and cytokines as well as chemokines.
These growth factors and cytokines are essential for communication between the TME and other cell
types. Due to the importance of immune cells in the TME and in tumor progression, a number of
immunotherapies have been developed against tumors in recent years. Immunotherapies that have
been approved for use or that are undergoing clinical trials focus on TAMs, DCs, T cells, and NK cells
as their main targets.

2.1. T Cells

T cells are an essential part of the immune system, which is responsible for defending
cells against cancer and viruses [29]. T cells can be further divided into three subpopula-
tions: cytotoxic T lymphocytes (CTLs), T helper cells (Ths), and Tregs [30]. CTLs are the
cells in the TME with direct tumor-killing power, Ths cells help to postpone tumor growth,
and Treg cells are typically associated with poor outcomes in tumor patients.

CTLs (which include cytotoxic CD8* T cells and CD4* T cells) in the TME can directly
destroy malignant tumors. As major killers of pathogens and cancers, CD8" T cells are
the preferred immune cells in the fight against cancer [31,32]. The presence of cytotoxic
CD8" T lymphocytes is also linked to better outcomes in NSCLC patients [33]. When
CD8" T cells develop into cytotoxic T cells, naive CD8" T cells are connected to the peptide
major histocompatibility complex (MHC) on antigen-presenting cells (APCs) via their
T-cell receptors (TCRs), and are activated by co-stimulatory signals and extracellular
cytokines. These CD8* T cells subsequently become effectors, and their activation enables
them to attack cancer cells directly [34]. In addition to actively destroying tumor cells,
CD8* T cells have the capacity to prevent tumor angiogenesis by secreting interferon-y
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(IFN-v) [35]. However, prolonged antigenic stimulation transforms CD8* T cells in the
TME into a T cell-depleted hypoactive state (including progressive loss of effector function
and persistent expression of inhibitory receptors), which prevents the tumor cell-killing
function of CD8* T cells from proceeding normally [36,37]. Apart from CD8" T cells, CD4*
T cells are essential for tumor elimination. CD4* T cells can directly contribute to CD8*
T cell activation, support CD8* T cells in the formation of memory CTL, and enhance
CD8" T cell proliferation by generating interleukin(IL)-2 [38,39]. Furthermore, CD4" T
cells can help activate CD8" T cells by delivering tumor antigens to CD8" T cells or by
triggering the production of cytokines and suppressor molecules [40].

Ths cells are generated by cytokine-specific polarization or TCR-signaling activation in
the TME, and they can assist CD4" T lymphocytes in producing cytotoxicity and destroying
tumor cells [41]. Th1 and Th9 cells in the TME boost CD8* T cells’ ability to fight tumors,
mainly by secreting IL-4 and IFN-y, which are linked to a favorable prognosis in various
cancer types [9,42].

Tregs normally inhibit autoimmunity by restricting the immune system’s reaction to
autoantigens [43]. However, Tregs in the TME can promote cancer growth by reducing the
function of lymphatic and bone marrow immune cells [44]. Many studies have reported
that Treg cells in the TME suppress effector T cells directly by generating higher levels of
cytokines than those associated with T-cell activation, resulting in immunosuppressive
TME and the progression of tumors [45-48]. On the other hand, Treg cells are capable
of promoting tumor growth and metastasis by secreting growth factors, interacting with
stromal cells, and undergoing immune escape [43]. A higher Treg-to-effector T-cell ratio in
NSCLC tumor tissue has been linked to a worse prognosis [49].

2.2. Tumor-Associated Macrophages (TAMSs)

The majority of immune cells that infiltrate the TME are tumor-associated macrophages,
which influence tumor angiogenesis and metastasis and are related to a poor prognosis for
various cancers [50,51]. In the TME, TAMs may be differentiated into classical activated
macrophages (M1) or, alternatively, activated macrophages (M2) [52,53]. Phenotype M1 is
able to directly kill tumor cells by producing nitric oxide and reactive oxygen species,
or by secreting pro-inflammatory cytokines such as tumor necrosis factor-oc (TNF-«),
IL-6, and IFN-y [50,54,55]. Additionally, through the process of antibody-dependent cell-
mediated cytotoxicity (ADCC), M1 has the capacity to eradicate malignant cells [56]. In
contrast, M2 stimulates angiogenesis, tissue healing, and cancer-cell proliferation by secret-
ing anti-inflammatory cytokines such as IL-4, IL-1, and VEGF [57-59]. As macrophages
are highly plastic in the TME, they convert between M1 and M2 in response to microen-
vironmental factors (cytokines, growth factors, chemokines, inflammation, hypoxia, and
infection), thereby inhibiting the antitumor response and producing immunosuppressive
TME. This is a process known as macrophage polarization [52,59,60]. It has been found
that tumor cells express significant amounts of colony-stimulating factor 1, C-C pattern
ligand 2 (CCL2), and monocyte chemotactic protein-1, something which contributes to
TAMs’ function in tumor development [61]. At the same time, TAMs activate tumor cells
by activating transcription factors (STAT3 and NF-«kB) to produce VEGF and matrix metal-
loproteinases (MMPs) to promote tumor angiogenesis [51,62]. As the relationship between
TAMs and cancer becomes clearer, TAMs have become a desirable target for the develop-
ment of novel immunotherapies. It has been demonstrated that activation of TAM receptors
reduces resistance to ICI treatment in NSCLC patients, indicating that the combination of
the two strategies may be beneficial for these patients [63].

2.3. Dendritic Cells (DCs)

As the most powerful APCs, DCs serve as central regulators of the adaptive immune
response and connect innate and adaptive immunity [64-66]. DCs are inherently plastic
and can be stratified into a variety of subtypes [15]. According to their phenotypes and their
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functions in the TME, DCs are typically divided into two major subgroups: plasmacytoid
DCs (pDCs) and myeloid DCs (mDCs) [67,68].

A primary function of pDCs is to produce IFN-I, which is needed to counteract
the antiviral immune response [65,69]. It has also been suggested that pDCs may have
potential as APCs due to the MHC-II and co-stimulatory molecules they express at steady
state [70]. In the TME, the function of pDCs is controversial. Tumor-infiltrating pDCs are
reported to produce immunosuppressive and carcinogenic effects; however, due to their
ability to secrete INF-I and TNF-«, pDCs are potential therapeutic targets for combating
cancer [71,72].

In the TME, conventional DCs (cDCs), as the typical representatives of mDCs, can
be further subdivided into cDC1 and cDC2 spectrums [73]. c¢DC1 is regulated by tran-
scription factors IRFS, ID2, and BATF3, while cDC2 is regulated by transcription factors
IRF4, ID2, ZEB2, and Notch2 [74]. ¢DC1 is able to cross-present antigens and present
exogenous antigens to CD8" T cells on MHC-], activating CD8" T cells and making them
the primary mediators of antitumor immunity [75]. Hence, cDC1 has the unique ability
to induce intracellular infections and encourage the immune system to reject malignant
cells [15,65,76]. The cDC2 exhibits enhanced presentation of the MHC Il antigen. In contrast
to ¢cDC1, cDC2 presents only exogenous antigens without cross-presentation and activates
CD4* T cells selectively, making it the most effective activation and expansion agent for
CD4* T cells [77,78].

It has been shown that immunogenic DCs secrete substantial quantities of inflamma-
tory cytokines, including TNF-«, IL-12, IL-6, and IL-8, which may improve the clinical out-
comes of tumor patients [79,80]. Despite this, the uptake of antigen by DCs in the TME is of-
ten insufficient. The phenomenon is caused by aberrant expression of some tumor-derived
chemokines on DCs within the TME, resulting in the suppression of DC invasion [67]. The
maturation state of DCs and specific markers expressed by different subgroups of DCs
have been considered significant indicators of prognosis and prediction in human cancer.
DC-based vaccines have been developed to induce and maintain immune responses [78].
Consequently, the use of DC therapy in conjunction with other immunotherapies to re-
duce immunosuppressive TME can serve as a future treatment strategy for cancer. Zhong
et al., found that chemotherapy combined with a DC vaccine significantly inhibited tumor
growth in a mouse model of NSCLC [81].

2.4. Natural Killer Cells (NK Cells)

As innate lymphocytes, NK cells can stimulate the immune system to destroy cancer
cells [82]. It has been demonstrated that NK cells can kill tumors by direct cytotoxic
killing of target cells [83]. Besides, NK cells can inhibit tumor growth by inducing pro-
inflammatory cytokines, which include IFN-«, TNF-«, and granulocyte macrophage colony-
stimulating factor [84].

NK cells have been divided into two distinct subpopulations based on CD56 ex-
pression levels, CD56°"8"CD16~ and CD564™CD16 [85]. When CD56"8h NK cells
are exposed to pro-inflammatory cytokines including IL-12, IL-15, and IL-18, they pro-
duce additional cytokines to regulate adaptive immunity and cause cytotoxicity [86,87].
CD569M NK cells can directly mediate the death of infected and cancer cells via cytotox-
icity and cytokine production [86,88]. NK cells may also eliminate MHC class I tumors
and carry out antigen presentation on their own, creating a connection between innate and
adaptive immunity [89].

NK cells are associated with both the killing of tumor cells and the prevention of
cancer progression. However, NK cell toxicity is decreased in the TME [9,90]. A change
in angiogenesis may be responsible for this, as well as insufficient access to nutrients and
oxygen. Many studies have reported that hypoxia and the secretion of transforming growth
factor-3 (TGF-B) and other cytokines in the TME limit the activity of NK cells [91-93].
TGF-f can reduce the antitumor effect of NK cells by transforming peripheral CD4* T cells
activated into Treg cells [92,94]. One study found that delivering TGF-f3 inhibitors and
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selenocysteine to breast cancer cells can reduce TGF-{3 in the TME, improve NK cell activity,
and increase antitumor capability, suggesting that NK-targeted immunotherapies may be
promising [95].

2.5. Other Types of Immune Cells That Affect Tumor Development

Apart from the immune cells discussed above, neutrophils, MDSCs, and B cells also
play crucial roles in the TME.

Neutrophils, the most abundant innate immune cells in the bone marrow and pe-
ripheral blood, serve a complex and important function in cancer development [96]. In
many cancer patients, neutrophil peripheral blood counts are elevated, and neutrophil-
to-lymphocyte ratios are independent prognostic factors [97,98]. In the TME, neutrophils
produce MMP-9 to stimulate angiogenesis, boosting cancer growth and offering extra
immune-escape pathways for cancer cells [97]. The neutrophil extracellular trap (NET) can
promote tumor progression, metastasis, invasion, and angiogenesis [99,100]. Several stud-
ies have shown that mice with lung cancer, breast cancer, and chronic myeloid leukemia
are more likely to release NET than healthy mice [100-102].

MDSCs are a heterogeneous cell population composed of progenitor cells derived from
bone marrow, immature macrophages, immature granulocytes, and immature DCs [103].
As part of the TME, they promote tumor angiogenesis and metastasis [104]. In Hinshaw’s
study, it was found that MDSC could be stimulated in the TME and released chemokines in-
cluding NO, CCL3, and CCL4, which inhibited innate and adaptive immune responses [15].
In addition, MDSCs promote epithelial mesenchymal transition by secreting IL-6, which
increases angiogenesis and speeds up tumor progression [105,106].

Tumor-infiltrating B cells are responsible for antibody production, antigen presen-
tation, and cytokine secretion in tumors, as well as for complementing T-cell-mediated
antitumor immunity [9,107]. Recent studies demonstrated that B cells in the TME have
prognostic value in various tumors [108,109].

3. Target Immune Cells against NSCLC

Given the crucial roles of immune cells in immunomodulation and tumor progression
in the TME, strategies to target immune cells in the TME hold significant promise. In the
past few decades, a number of immunotherapies have already been used to treat different
types of cancer. Current research indicates that immunotherapies targeting ICIs when
utilized in NSCLC patients have exhibited promising results in terms of five-year survival
and progression-free survival (PFS) when compared with previous treatments [110,111].

In the following part of our review, the immunotherapies (Figure 1) used in NSCLC in
clinical trials and in scientific research are discussed.

3.1. Target T Cells against NSCLC

T cells are usually recognized as the most essential immune cells in attacking ma-
lignancies [112]. Among T-cell-targeted immunotherapies, treatments using ICIs have
undergone the most extensive research and been approved by the FDA. This strategy keeps
the antitumor immune response in the TME, bringing a new era of cancer immunother-
apy [113,114]. An ICI is an immune checkpoint protein that maintains the ability of T cells
to destroy tumors by binding to their partner proteins. Immune checkpoint molecules
include CTLA-4, PD-1, etc. (Figure 2), and their role is to maintain an immune balance
and prevent an immune response from attacking normal tissues and cells in the body.
Immunotherapy drugs are mainly monoclonal antibodies, which can block immunosup-
pressive effect, allowing T cells to recognize and attack cancer cells, thereby enhancing
immune responses, by binding with their partner proteins. These drugs (antibodies) are
preferentially designed as ICIs [115]. The main agents undergoing clinical trial and research
are nivolumab and pembrolizumab (PD-1 antibody), atezolizumab (PD-L1 antibody), and
ipilimumab (CTLA-4 antibody) [116].
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Figure 2. Two of the most common targeting pathways for ICIs (anti-CTLA-4 and anti-PD-1/PD-L1).
PD-1 receptor on T cells leads to T cell exhaustion by binding to its ligand PD-L1 on tumor cells.
Targeted antibodies that block PD-1 or PD-L1 prevent T cell exhaustion and maintain the ability of
T cells to destroy tumors. T cells can be activated through two primary mechanisms. T cell receptors
(TCRs) on antigen-presenting cells (APCs) present antigens with the major histocompatibility complex
(MHC) and activate T lymphocytes. Additionally, the binding of CD28 on T cells and B7 on APCs
can result in T-cell activation and antitumor activity. CTLA-4 antigen limits T cell-activation by
competing for CD28 binding to B7 on the T cell surface, resulting in a decrease in T cell antitumor
capacity. Therefore, the use of anti-CTLA-4 drugs can prevent the competitive behavior of CTLA-4
antibodies and support normal T cell-activation.

According to scientific studies, ICIs have a significant impact on patients” prog-
noses, and have become the first-line therapy for most individuals with advanced lung
cancer [117-119]. PD-1 receptor is mainly expressed on activated T cells, and by adher-
ing to ligands PD-L1 and PD-L2, it suppresses the antitumor activity of T cells [120,121].
Expression of PD-L1 is widespread in cancer cells and elevated in the TME, leading to
suppression of the antitumor immune response by limiting the signals that activate T
cells [112,121]. Nivolumab is an antibody against PD-1. As demonstrated in a clinical trial
(NCTO01642004), among patients with metastatic NSCLC (mNSCLC) (stage III patients)
for whom platinum-based chemotherapy had failed, improved overall survival (OS) and
substantially improved PFS were seen in individuals treated with nivolumab [122]. An ad-
ditional study comparing the efficacy of nivolumab and docetaxel (a chemotherapy drug) in
patients with mNSCLC (NCTO01673867) also discovered positive results for nivolumab [123].
As a result, nivolumab is the first ICI targeting PD-1 to receive FDA approval for use in
the treatment of patients with mNSCLC. Pembrolizumab is also an anti-PD-1 antibody.
Patients with mNSCLC who participated in a randomized, phase III trial (NCT02142738)
demonstrated significant improvements in 6-month PFS, OS, and objective response rate
(ORR) when compared with platinum-based chemotherapy [124]. Furthermore, a phase
II trial (NCT03850444) comparing pembrolizumab to platinum-based chemotherapy in
patients with advanced or mNSCLC found that pembrolizumab had a meaningful effect in
individuals whose PD-L1 expression was higher than 50% [125]. The FDA has approved
pembrolizumab as a first-line treatment for patients with PD-L1 levels > 1%, and these
results have led to the authorization of pembrolizumab by the European Medicines Agency
(EMA) as a first-line treatment for patients with PD-L1 levels > 50% [20]. Atezolizumab,
a PD-L1 antibody, has also been approved by the FDA and the EMA as a single-agent
treatment for patients with mNSCLC with high PD-L1 expression [20,126], having shown
significant benefits in treating patients with NSCLC in clinical trial NCT02409342 (Table 1).

Moreover, ICIs includes antibodies against CTLA-4, which inhibits T-cell proliferation
by competing binding with CD28 on the cell surface [127]. Since the antitumor effect of
CTLA-4 antibodies is mainly related to T-cell initiation in lymph nodes and the TME, this
may offset some ICI resistance [120,128,129]. Ipilimumab is a therapeutic antibody targeting
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CTLA-4 [130]. A trial (NCT02477826) has been carried out on patients with stage IV NSCLC
to compare the efficacies of three different strategies: nivolumab alone, the combination of
nivolumab and ipilimumab, and the combination of chemotherapy with nivolumab plus
platinum [131]. Recent findings from this trial indicated that the combination of nivolumab
and ipilimumab enhanced OS for those patients with PD-L1 expression levels of more
than 1%, suggesting that the ICI two-drug combination could be considered as a first-line
therapy for NSCLC. Meanwhile, the results of this trial also implied a positive outcome
from the combination of chemotherapy and anti-PD-1 drugs [132]. In addition, in a clinical
trial of patients with metastatic squamous NSCLC treated with carboplatin-paclitaxel /nab-
paclitaxel with or without pembrolizumab (NCT03875092), it was found that PFS and
OS improved significantly when anti-PD-1 medications were taken in conjunction with
chemotherapy [133] (Table 1). Combination therapy with ICIs has been shown to have
great potential in terms of antitumor response. Apart from chemotherapy and ICIs, many
studies indicate that inhibitors targeting IDO, VEGEF, lymphocyte activation3 and T-cell
immunoglobulin mucin 3 may also be considered as future combination options [134-137].

In addition to the immunotherapy of ICIs against NSCLC, chimeric antigen receptor-
modified T cells (CAR-T cells, a type of genetically engineered T cells) treatment is another
very rapidly developing form of cellular immunotherapy [138]. Synthetic CAR vectors are
genetically engineered to recognize and bind specifically to tumor cell surface antigens
(such as CD19) to achieve antitumor effects in this therapy [139,140]. However, the presence
of tumor-associated antigens (TAAs) in NSCLC has been heterogeneous in terms of both
intensity and distribution, severely limiting the clinical efficacy of CAR-T therapy [141].

Recently, understanding of the molecular typing of NSCLC has been significantly en-
hanced, because of research into the causative genes of NSCLC patients [142,143]. It is clear
that the molecular typing of NSCLC can be classified into three groups. The first category refers
to genes with clinical relevance, such as KRAS, HER2, ROS1, TP53, BRAF, and NTRK, and
relevant medications targeting these genes are currently being researched [142,144]. Several
studies have demonstrated that patients with mutant NSCLC, such as KRAS, BRAE and TP53,
can benefit from ICls [145-147]. The second category consists of treatable mutation-driver
genes. The current focus of therapies based on mutation-driver genes in NSCLC are epidermal
growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) [142]. Because of
the mutations in EGRF or ALK, the efficacy of ICI treatment in these NSCLC patients is not
obvious [19,148]. Many targeted medicines that target the driver genes of EGFR and ALK have
had some success [143]. The third category includes biomarkers that have some association
efficacy, such as PD-L1 and TMB [149,150]. In NSCLC patients with mutations in EGFR, the
PD-L1 expression is predominantly reduced. Consequently, anti-PD-1 ICls are ineffective in
this group of patients [151]. However, EGFR-tyrosine kinase inhibitors (EGFR-TKIs) have been
developed to treat NSCLC patients. First-generation EGFR-TKISs, such as gefitinib, erlotinib,
and ecotinib, have been shown to be effective in treating patients with EGFR-sensitive mutant
NSCLC. Afatinib is a second-generation EGFR-TKI that was approved by the FDA and the
EMA in 2013 used to treat adults with advanced, EGFR mutation-positive NSCLC [152]. How-
ever, long-term use of EGFR-TKI would result in drug resistance and the loss of the original
therapeutic effect [142]. Osimertinib, a third-generation EGFR-TKI, was developed to treat
NSCLC patients who acquired the EGFR T790M resistance mutation [153]. Due to the drug
resistance of EGFR-TKISs, future strategies must be developed to cope with resistance to next
generation EGFR-TKIs, including conventional combinations of EGFR-TKIs and other agents
and treatments combined with ICIs.

Although ICIs targeting PD-1 and CTLA4 have been shown to be beneficial in mNSCLC,
the efficiency in NSCLC is, however, only 8-30% [154]. Emerging evidence indicates that driver
oncogenes have different effects on the TME that influence the potential benefit from treatment
with ICIs. For instance, patients harboring BRAF, KRAS or TP53 co-mutations benefit from
ICIs [155,156]. However, certain patient populations do not respond to these drugs targeting
ICIs [112]. Further strategies to enlarge the efficacy of ICIs are to synergistically combine them
with CAR-T, EGFR-TKIs and other agents.
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3.2. Target TAMs against NSCLC

Crosstalk between TAMs and other cells in the TME results in an immunosuppression
that promotes tumor cell proliferation, angiogenesis, tumor metastasis, and the develop-
ment of cancer-therapy resistance [165]. It is widely known that macrophage polarization
may cause a direct switch between M1 and M2 in the TME, while subtype M1 could kill
tumor cells and M2 can promote tumor progression [52]. Small molecule inhibitors or
monoclonal antibodies against TAM signaling can consequently inhibit the progression
and metastasis of cancer [129]. Recently, the main immunotherapies targeting TAMs and
undergoing clinical or scientific trials are tazemetostat, OR2805, and MRX-2843.

Tazemetostat, an enhancer of zeste homolog 2 (EZH?2) inhibitor, has been used indi-
vidually or in combination with ICIs against advanced NSCLC in clinical trials. It has
been demonstrated that EZH2 could stimulate the expression of CCL5 and result in the
recruitment of macrophages and the invasion of lung cancer [166]. When EZH?2 is inhibited,
the quantity of M2 decreases, thereby preventing the progression of lung cancer [166]. An
open-label, single-arm, phase Ib/II clinical trial (NCT05467748) is underway, in which
pembrolizumab in combination with tazemetostat is used to treat patients with advanced
NSCLC who have relapsed following initial or second-line therapy (Table 1) [157].

OR2805 is a monoclonal antibody against CD163. CD163 is one of the biomarkers
of M2 macrophage polarization, which can inhibit PD-1 and PD-L1 signaling and stim-
ulate macrophage polarization to the M1 phenotype, resulting in enhanced antitumor
activity [167,168]. Therefore, OR2805 can be used as a monotherapy or in combination with
PD-1 inhibitors to treat patients with advanced solid tumors, and is a valuable targeted
TAMs therapy. An open-label, multicenter, first-in-human dose escalation and extension
phase I, II trial (NCT05094804) to verify the safety, tolerability, pharmacokinetics, pharma-
codynamics, and preliminary anticancer activity of OR2805 is at the recruitment stage, with
individuals with NSCLC being expected to enroll (Table 1) [158].

MRX-2843 is a mer tyrosine kinase (MerTK) inhibitor. MerTK is a macrophage-specific
tyrosine kinase receptor (RTK) that can induce tumor immunological tolerance by inducing
macrophage death, polarizing macrophages towards the M2 phenotype, and inhibiting
the secretion of inflammatory factors [169,170]. In contrast, blocking MerTK signaling
repolarizes macrophages to M1 phenotypes and enhances antitumor immunity [171].
MerTK antibodies stimulate T-cell activation and are synergistic with anti-PD-1 and anti-
PD-L1 treatments [172]. Blocking the macrophage MerTK protein may increase anti-
tumor immunity and induce tumor immunogenicity, a promising method for treating
cancer. An ongoing phase Ib safety and pharmacodynamic study is being conducted
with MRX-2843 in conjunction with osimertinib in patients with advanced EGFR-mutated
NSCLC (NCT04762199) (Table 1) [159]. Melittin (MEL-dKLA) is a promising option for
NSCLC patients because it selectively induces cell death in M2 macrophages in vitro
without interacting with the normal function of other cell types [173,174]. In addition, a
preclinical study showed that the construction of targeted nano-micelles (called ‘nano-
dandelion’) for simultaneous delivery of curcumin (Cur) and baicalin (Bai) was effective in
overcoming tumor resistance, which resulted in the transforming of TAMs to tumor-killing
M1-type macrophages, indicating an adjuvant therapy for tumors [175].

Due to the high level of macrophage infiltration, the prognosis for NSCLC patients is
poor. Macrophage polarization promotes the cancer development in the TME, thus target-
ing TAMs has emerged as a promising therapeutic strategy and has led to the development
of numerous relevant drugs undergoing clinical trials.

3.3. Target DCs against NSCLC

As the primary APCs, DCs trigger antigen-specific CD8" T lymphocyte activation, which
initiates innate and adaptive immune responses that are capable of killing tumors [176,177].
Usually, DC-targeted treatments include autologous DC vaccination and individualized
cellular vaccination. In the majority of studies, patients are vaccinated with DCs via
numerous subcutaneous injections of primed DCs [177]. Moreover, combination therapy

200



Pharmaceutics 2023, 15, 1788

with DC and cytokine-induced killer cells (DC-CIK) has been confirmed to be an effective
treatment for NSCLC patients.

In a clinical trial (NCT00103116), an autologous DC vaccine was involved in the
treatment of individuals with stage I, II, and III NSCLC. Specific T-cell activity in the
blood was compared before and six months after vaccination. As a result of the trial,
there are 22 out of 32 patients who demonstrated an immune response to the vaccine six
months after vaccination, and 20 patients out of 32 who were still alive five years after
dual vaccination. These pieces of evidence suggest that the DC vaccine has a favorable
safety profile [160]. Moreover, one study was conducted in ten patients with tumor brain
metastases (BM) (NCT02808416), five of whom were NSCLC patients. The trial was to
examine the security and effectiveness of an individualized cellular tumor vaccination
(DC vaccine) in patients with BM [161]. These patients had a good OS rate and an excellent
objective response; however, due to the limited number of samples, additional clinical trials
are required in the future [178]. Details of the above two tests are shown in Table 1. Based
on the outcomes of the aforementioned trials, DC vaccines have demonstrated significant
potential for treating NSCLC patients.

In mouse models, DC vaccination was found to be effective when used in combination
with chemotherapy and radiotherapy for the treatment of NSCLC [81,179]. Studies have
compared the combined effects of chemotherapy or radiotherapy, DC vaccination, and
cytokine-induced killer cells (CIK) in humans [180-183]. Consequently, a combination
therapy consisting of DC-CIK may have a stronger antitumor effect. Clinical trials have
shown that DC-CIK immunotherapy is effective in controlling the disease, improving
immune function, and delaying the progression of advanced NSCLC without increasing
adverse effects, indicating a promising future in the treatment of NSCLC patients [184].

DC-related immunotherapy for NSCLC patients focuses on DC vaccines and
DC-CIK therapy. The safety of these treatments has been recognized, but their exact
efficacy still needs to be further determined.

3.4. Target NK Cells against NSCLC

NK cells can destroy tumor cells directly or indirectly through the release of pro-inflammatory
factors [83,185]. Many researchers have discovered that CD56Pright CD16~ NK cells that release
high levels of cytokines (such as VEGE, placental growth factor, and IL-8/CXCL8) which
promote tumor neoangiogenesis exhibit low cytotoxicity in the lung TME [89,185,186]. In
addition, recent research has demonstrated that NK cells can identify and eliminate cancer
progenitor cells in solid tumors, and have a beneficial effect on lung cancer [187,188].

Immunotherapies targeting NK cells are mostly utilized as an additional therapy with
other treatments and are seldom used alone in clinical studies. It has been revealed that
the mixture of NK and T lymphocytes cells (NKTm) improves OS and 2-year survival
among patients with NSCLC [189]. In addition, NK immunotherapy in combination
with cryosurgery or the PD-1 representative drug Pembrolizumab is currently under
research. Hsp70-peptide TKD/IL-2 activated autologous NK cells are being considered as
a new treatment for NSCLC patients after demonstrating their potential to treat cancer in
preclinical models.

In a clinical trial (NCT02843204), NK immunotherapy combined with ICI pembrolizumab
was used to treat patients with advanced relapsed NSCLC. Results from the study indicated
that pembrolizumab combined with NK cell therapy improved OS and PFS in patients
with previously treated advanced PD-L1 NSCLC without causing any serious adverse
effects compared to pembrolizumab alone, showing significant potential for NK cell im-
munotherapy (Table 1) [162,190]. In a separate trial (NCT02843815), the safety and efficacy
of cryosurgery combined with allogeneic NK cell immunotherapy for advanced NSCLC
were initially determined (Table 1) [163,191]. Preclinical models demonstrated that the
combination of NK cells and anti-PD-1 therapy provides long-term tumor control with a
substantial infiltration of CD8* T cells and NK cells [192]. A combination-therapy study
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using anti-PD-1 antibodies and autologous NK cells has made significant progress in view
of the enormous potential NK cells have demonstrated in tumor therapy.

Currently, a trial (NCT02118415) is taking place to test the efficacy of sequential
immunotherapy using autologous NK cells and Hsp70-peptide TKD/IL-2 in patients with
NSCLC (stage Illa, b) after radiotherapy and chemotherapy (Table 1) [164]. It has been
shown in a preclinical model of lung cancer that autologous NK cells-based therapies are
highly effective against tumors selectively expressing membrane-type Hsp70 [193]. When
combined with other ICIs or modulators, autologous NK cell therapy or other therapies
that target tumors expressing mHsp70 may be effective in inhibiting tumor growth and
progression [194]. In current NSCLC research, relay transfer of NK cells is being evaluated
as a potential treatment method.

Furthermore, CAR-NK therapy has emerged as one of the most promising new re-
search topics targeting NK cells for the treatment of NSCLC patients over the past few
years [195]. CAR-NK cells have a number of benefits over CAR-T cells due to the fact that
they can be produced from pre-existing cell lines or allogeneic NK cells with mismatched
MHC. Moreover, they can kill cancer cells through CAR-dependent and CAR-independent
pathways with less toxicity [196]. However, CAR-NK cells still have some limitations,
such as the short half-life of NK cells and the extra-tumor toxicity [196,197]. Optimizing
the CAR-NK structure and prolonging the survival of CAR-NK cells in vivo are the main
research goals for the future.

The efficacy of NK cells immunotherapies in combination with other therapies has
demonstrated promising results for NSCLC patients. The benefits of recently developed
CAR-NK immunotherapies have also been recognized. However, immunotherapies as-
sociated with NK cells are still immature, and further research is needed to increase the
treatment options for NSCLC patients.

4. Conclusions and Future Directions

The TME is engaged in the whole process of tumor growth and serves a crucial role.
Different immune cells in the TME are required to mediate pro- and antitumor immune
responses, which affect tumor destiny and the capacity for tumors to become aggressive
and grow [21,198]. Due to the significance of immune cells in tumor progression, several
immunotherapies have been designed for use in different types of cancer. Over the decades,
there have been breakthroughs in immunotherapy, especially ICI immunotherapy applied
to NSCLC patients, suggesting immunotherapy’s enormous potential for cancer treatment.

Anti-PD-1/PD-L1 immunotherapies are some of the most common ICIs. The FDA
has authorized the representative PD-1- or PD-L1-blocking antibodies nivolumab, pem-
brolizumab, and atezolizumab for the treatment of NSCLC patients, and pembrolizumab
has been used as a first-line treatment for patients with PD-L1 levels > 1%. Recent clin-
ical trial studies targeting PD-L1 include avelumab and durvalumab, and the most re-
cent follow-up results for avelumab and the positive results shown with durvalumab in
NSCLC patients after radiotherapy provide a potential treatment option [116]. In addition,
it has been demonstrated that the anti-PD-1 drug cemiplimab substantially improved
clinical outcomes in advanced NSCLC patients with more than 50% PD-L1 expression,
indicating that this drug may be beneficial for NSCLC patients [116]. ICIs also contain
antibodies against CTLA-4, such as ipilimumab. In the treatment of NSCLC, two-drug
combinations of ICIs (e.g., nivolumab and ipilimumab) have the potential to be first-line
therapies. Combination regimens of multiple ICIs offer additional options for future
NSCLC patients. In addition, CAR-T genetically engineered T cell-related immunotherapy
is being studied to improve the adverse effects seen in patients during the current trials as
well as to make the treatment more effective for NSCLC patients in the future. For patients
with EGRF-mutant NSCLC for whom ICIs therapy is ineffective, some EGRF-TKI drugs
have been developed which have improved the survival rate among these patients. How-
ever, the long-term use of these drugs may result in a resistance; future research may focus
on developing new drugs to reduce such resistance. TAMs-related immunotherapies are
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often used in combination with other immunotherapies to treat patients with NSCLC. ICIs
with tazemetostat (an EZH2 inhibitor which targets TAMs) is an option for patients with
NSCLC whose disease has progressed following first- or second-line therapy. Other TAMs-
targeting cancer immunotherapies, such as MRX-2843, OR2805, and related nanotherapies,
are currently undergoing clinical testing as promising NSCLC treatments.

NSCLC patients with DC-related immunotherapies are mainly vaccinated with au-
tologous DCs, and studies have shown that they are both safe and effective, though their
exact efficacy remains unclear.

Targeted NK cells therapies are mostly used in combination with other therapies for pa-
tients with NSCLC. The efficacy of NKTm cell transplantation, as well as cryosurgery com-
bined with allogeneic NK immunotherapy, has been demonstrated. Autologous NK cells
treatment or other medicines targeting mHsp70-expressing tumors, in conjunction with
ICIs, may be beneficial in preventing the progression of NSCLC. Genetically engineered
CAR-NK immunotherapies are being developed to improve NSCLC treatment in the future.

However, immunotherapy still has some drawbacks. ICIs boost T-cell activation in
NSCLC patients by blocking negative regulators of T-cell function, which leads to an
uncontrolled immune response and results in immune-related adverse events, including
colitis, hypophysis, and pneumonitis [199]. Furthermore, checkpoint inhibitor pneumonia
seems to be an uncommon but harmful side effect of anti-PD-1 and PD-L1 ICIs [193,200].
Thus, more scientific research and clinical studies are needed to improve treatment plans,
reduce side effects, and control the immune response.

Moreover, sitravatinib (a TAM-targeting MerTK inhibitor) has exhibited an antitumor
effect and modification of the TME in preclinical trials [201]. A retrospective analysis of
NSCLC patients with tumor progression after ICI treatment showed that sitravatinib does
not have significant antitumor activity when used singly. On the basis of its immunomodu-
latory effect on the TME, studies of sitravatinib in combination with ICI will be one of the
primary areas of future research.

In summary, immune cells within the TME not only affect tumor growth and metastasis
but are also used for therapy against tumors. For patients with advanced NSCLC, a number
of immunotherapeutic strategies have been suggested as first-line therapies, and preclinical
and clinical studies have proven their effectiveness. The combination of multiple medicines
and the development of new therapeutic targets for NSCLC should be investigated in
greater depth in the future, along with existing immunotherapy strategies, in order to
increase the survival rate of cancer patients.
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Abstract: Background: Ovarian cancer accounts for more deaths than any other cancer of
the female reproductive system. Despite standard care, recurrence due to tumor spread
and chemoresistance is common, highlighting the need for novel therapies. Mesenchymal
stromal cells from the human amniotic membrane (hAMSC) and the intact amniotic mem-
brane (hAM) are promising due to their secretion of tumor-modulating bioactive factors,
accessibility from biological waste, and ethical favorability. Furthermore, unlike isolated
cells, hAM provides an easier, clinically translatable product. We previously demonstrated
that hAMSC can inhibit tumor cell proliferation, both in contact and transwell settings,
suggesting that hAMSC secrete bioactive factors able to target tumor cells. This study
evaluates the anti-tumor effects of bioactive factors from hAMSC and hAM conditioned
medium (CM) on ovarian cancer cells in 2D and 3D models, alone or with paclitaxel.
Methods: The impact of CM, alone or with paclitaxel, was tested on ovarian cancer cell
proliferation, migration, invasion, and on angiogenesis. Results: hAMSC-CM and hAM-
CM inhibited the proliferation and migration in 2D cultures and reduced spheroid growth
and invasion in 3D models. Combining CM with paclitaxel enhanced anti-tumor effects in
both settings. Conclusions: hAMSC-CM and hAM-CM show therapeutic potential against
ovarian cancer, with synergistic benefits when combined with paclitaxel.

Keywords: human amniotic mesenchymal stromal cell; amniotic membrane; ovarian
cancer; 3D model; paclitaxel

1. Introduction

Ovarian cancer is among the most lethal gynecological malignancies, characterized by
late diagnosis, high recurrence rates, and resistance to conventional therapies [1]. Despite
advancements in chemotherapy, including the widespread use of paclitaxel and platinum-
based agents, the five-year survival rate remains dismally low (about 31%) for advanced-
stage disease [2—4], underscoring the urgent need for novel therapeutic strategies.
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Recent studies have highlighted the dual nature of mesenchymal stromal cells (MSC)
in cancer biology; while they can promote tumor growth and metastasis under certain
conditions, their conditioned media (CM) demonstrate notable anti-tumor effects [5-8].
MSC from different sources are known for their unique ability to secrete a diverse array
of bioactive molecules, including cytokines, growth factors, and extracellular vesicles,
which collectively form a complex secretome. This secretome plays a pivotal role in
mediating the paracrine effects. The therapeutic potential of the MSC secretome, or CM
lies in its ability to modulate key biological processes such as proliferation, apoptosis,
and migration affecting different cellular pathways including IL-6/JAK2/STAT3, cyclins,
FAK/PI3K/Akt/mTOR [9-11].

The human amniotic membrane is a highly favorable source of mesenchymal stromal
cells (hAMSC) due to its origin from placental tissue after childbirth, making it an ethically
acceptable and non-controversial option. Furthermore, it is obtained from biological
waste—the placenta—following routine childbirth, ensuring no harm or risk to the mother
or baby. hAMSC meet the established criteria for MSC from all tissues [12], as well as
the specific standards for fetal membrane MSC defined during the First International
Workshop on Placenta-Derived Stem Cells in 2008 [13]. On the other hand, the intact
amniotic membrane (hAM) comprises two cell populations, hAAMSC and amniotic epithelial
cells (hAEC), both of which exhibit anti-tumor properties [14-16]; hAM is easier to use, as
it bypasses the additional step of MSC isolation.

In our previous research, we showed that hAMSC can effectively inhibit tumor cell
proliferation in a paracrine manner [17], and that hAM-CM reduces the migration of
bladder urothelial cancer cell lines [18]. Notably, both hAMSC-CM and hAM-CM are rich
in cytokines, growth factors, and extracellular vesicles (EVs) [19,20].

The aim of this study is to evaluate the anticancer potential of hRAMSC-CM and
hAM-CM on ovarian cancer cell lines (HEY, OV-90, and SKOV3) using the classical 2D
monolayer and the more advanced 3D spheroid culture system, a physiologically relevant
environment closely mimicking in vivo tumor architecture and behavior. Given that 3D cell
cultures more accurately mimic in vivo tumor conditions, including increased resistance to
chemotherapeutic agents such as paclitaxel, we hypothesize that combining paclitaxel with
CM might overcome this resistance in 3D ovarian cancer models.

2. Materials and Methods
2.1. Cell Cultures

HEY and OV-90 human ovarian cancer cell lines were kindly provided by Daniela
Gallo (Fondazione Policlinico Universitario “Agostino Gemelli” IRCCS, Rome, Italy).
SKOV3 cell line was purchased by ATCC. HEY cells derive from a human ovarian cancer
xenograft originally grown from a peritoneal deposit of a patient with moderately dif-
ferentiated papillary cystadenocarcinoma [21]. OV-90 cells were originally isolated from
malignant ascites from patients with ovarian adenocarcinoma and harbor p53 mutations
that exhibit genomic features similar to high-grade serous ovarian carcinoma. SKOV3
cells derive from the ascites of a patient with ovarian adenocarcinoma and lack the ex-
pression of p53 protein. HEY cells were cultured in RPMI 1640 (Euroclone, Pero, Itlay;
ECB9006) supplemented with 10% fetal bovine serum (FBS) (Euroclone; ECS50000LH) and
1% non-essential amino acids (Thermo Fisher, Waltham, MA, USA; 11140-035). OV-90
cells were cultured in a complex medium composed by MCDB (Sigma Aldrich, St. Louis,
MO, USA; M-6770) plus M199 (Merk; Whitehouse Station, NJ, USA; M4530) at a 1:1 ratio,
and 0.5% MEM (Sigma Aldrich; 56416C-1L), supplemented with 15% FBS. SKOV3 cells
were cultured in Mcoy’s medium (Euroclone, ECM0210L) supplemented with 10% FBS. All
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culture media were supplemented with 2 mM L-glutamine (Euroclone; ECB3000D) and 1%
penicillin/streptomycin (herein referred to P/S, all from Euroclone; ECB30010D).

Umbilical cords were obtained following the guidelines outlined by the Brescia Provin-
cial Ethics Committee (number NP 2243, 19/01/2016). Human umbilical vein endothelial
cells (HUVEC) were isolated from the umbilical cord vein following cannulation, followed
by PBS washes to remove blood cells. The vein was then incubated for 1 h at 37 °C in DMEM
supplemented with P/S, 0.2% collagenase I (Thermo Fisher; 17018029), and 0.01 mg/mL
DNase (Merck, Darmstadt, Germany; 11284932001). After incubation, the detached cells
were collected using PBS (Euroclone; ECB4004) with P/S, centrifuged at 300x g for 10 min
without braking, resuspended in medium, and seeded into a flask pre-coated with 1.5%
porcine gelatin (Merck; G2500). HUVEC at passages I-V were grown in EBM-2 Basal
Medium (Lonza, Basilea, Swizerland; CC-3156) supplemented with EGM-2 SingleQuots
Supplements (Lonza; CC-4176).

2.2. Human Amniotic Membrane (hAM) Fragment Preparation

The study adhered to the principles of the Declaration of Helsinki, and informed
consent was obtained following the guidelines outlined by the Brescia Provincial Ethics
Committee (number NP 2243, 19 January 2016).

For each placenta, the amniotic membrane was manually separated from the chorion
and cut into a 50 cm? fragments for CM preparation from hAM, or into 9 cm? for the
isolation of hAMSCs. The fragments were decontaminated by placing them in a phys-
iological solution + 0.25% povidone-iodine for 1-2 s, then removed and incubated in
PBS + P/S + amphotericin B (Euroclone; ECM0009D) + cefamezin (Teva Italia, Milan, Italy)
for 3 min. The fragments were then washed in PBS containing 1% P/S.

2.3. Isolation and Culture of Human Ammniotic Mesenchymal Stromal Cells (hAMSC)

Cells were isolated and phenotypically characterized as previously described [22]. hAM
fragments were digested at 37 °C for 9 min with 2.5 U/mL dispase (VWR, Radnor, PA,
USA; 734-1312) and then transferred to RPMI 1640 medium supplemented with 10% heat-
inactivated FBS, 1% P/S, and 1% L-glutamine. Afterward, the fragments were treated with
0.9 mg/mL collagenase (Merck; 10103586001) and 0.01 mg/mL DNase I (Merck; 11284932001)
for approximately 2.5-3 h at 37 °C. The resulting cell suspensions were centrifuged at 150 g,
and the supernatant was filtered through a 100-pum cell strainer (BD Falcon, Bedford, MA,
USA), and the cells were collected by centrifugation. Freshly isolated cells were expanded
until passage 2 (p2) by plating at a density of 10,000 cells/cm? in Chang medium D (Irvine
Scientific, Santa Ana, CA, USA; 12401340) supplemented with 2 mM L-glutamine and 1% P/S
at 37 °C in the incubator at 5% CO; and phenotypically characterized.

2.4. Preparation of Conditioned Medium (CM)

From hAM: two fragments of hAM were placed in 50 mL conical tubes with filter
caps (Greiner Bio-One, Kremsmiinster, Austria; 227245) containing 20 mL of DMEM /F12
(Thermo Fisher Scientific; 31330038). The fragments were left for 5 days under gentle
rotation at 37 °C and 5% CO,. After incubation, the medium was centrifuged at 300x g,
filtered through a 0.2-um sterile filter (Sartorius Stedim, Florence, Italy: 16532), and stored
at —80 °C until use.

From hAMSC P2: hAMSC were cultured for 5 days in 24-well plates (Euroclone;
ET3024) at a density of 5 x 10° cells/well in 0.5 mL of DMEM/F12 supplemented with
2 mM L-glutamine and 1% P/S as previously described [23]. At the end of incubation, the
CM was collected, centrifuged at 300x g, filtered through a 0.2-pum sterile filter (Sartorius
Stedim), and stored at —80 °C until use.
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Pooling of CM for experiments: Each experiment was performed using CM pooled
from at least three different hAMSC/hAM donors. The CM were used at varying per-
centages in DMEM /F12 as required by the experimental protocol. For each experiment,
DMEM/F12 served as the negative control. FBS was added to both CM, and the negative
control at the concentration specified for each assay. In all assays, CM and the negative
control were added simultaneously, using the same volume and experimental procedures.

2.5. Determination of Cellular Viability (MTT-Assay and CyQUANT-Assay)

Cells were plated in 96-well plates at a density of 15,000 cells/cm? for HEY and SKOV3
or 30,000 cells/cm? for OV-90. They were then treated with increasing concentrations of
different CM (12.5%, 25%, 50%, 75%, 100%) in DMEM /F12 containing 1% FBS for 24, 48, 72,
and 96 h.

For the matrix assay, cells were treated for 48 h with increasing concentrations of CM
(12.5%, 25%, 50%, 75%, 100%) in combination with increasing concentrations of paclitaxel
(Vinci-Biochem, Vinci, Italy; Cod. AG-CN2-0045-M001) (0.6, 1.8, 5.5, 16.6, 50 nM). At the
end of incubation, cell viability was assessed using either the MTT or CyQUANT assay.

MTT Assay: MTT (Merck; M2128) was added to each well at a final concentration of
0.5 mg/mL, and the cells were incubated at 37 °C for 3 h. After incubation, 100 pL of lysis
buffer [20% SDS (Merck; 1.13760.0100) in a 50% H,O/50% DMF (Thermo Fisher Scientific,
423640010) solution, pH 4.7] was added overnight at 37 °C. The absorbance was measured
at 550 nm using a Victor™ X4 plate reader (PerkinElmer, Waltham, MA, USA). Since MTT
occurs only in metabolically active cells, the level of activity was considered as an indirect
measure of the viability of the cells, without a count of live and death cells.

CyQuant Assay: The CyQUANT™ NF Cell Proliferation Assay (Thermo Fisher Sci-
entific; C35006) was performed according to the manufacturer’s instructions. Briefly, the
medium was removed from each well, and 100 pL of CyQuant reagent was added. The
cells were incubated at 37 °C for 1 h. Fluorescence was then measured using a Victor™ X4
plate reader at 485 nm.

2.6. Colony Formation

Cells were seeded into 12-well plates (Euroclone; ET3012) at the following densities:
HEY (250 cells/well), SKOV3 (500 cells/well), and OV-90 (800 cells/well). Cells were
allowed to attach overnight. The next day, cells were treated with 50%, 75%, or 100% of
the different CM in 1% FBS and cultured for 10-14 days to allow colony formation. After
the incubation period, debris was washed twice with PBS, and cells were fixed with cold
methanol for 10 min. They were then stained with crystal violet (Merck; V5265). After
staining, the cells were solubilized with 400 uL of 30% acetic acid (Carlo Erba, Cornaredo,
ML, Italy; 524521). A 100 uL aliquot was transferred to a 96-well plate, and absorbance was
measured at 550 nm using a Victor™ X4 plate reader.

2.7. Apoptosis Assay

Cell apoptosis was evaluated using flow cytometry with the Annexin V-fluorescein
isothiocyanate (FITC)/Propidium iodide (PI) kit (BD Pharmingen™ FITC Annexin V kit,
Cat. No. 556420). Cells were treated with different concentrations of CM (50%, 75%, or
100%) in DMEM/F12 containing 1% FBS. After treatment, the cells were resuspended
in buffer and incubated with Annexin V at room temperature for 20 min. Subsequently,
PI was added and the cells were further incubated for an additional 10 min at room
temperature. Samples were acquired on a BD FACS Symphony A3 flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA), and the data were analyzed using Flow]Jo 10.8
software (BD Biosciences).
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2.8. Wound Healing Assay

Cells were seeded in silicone inserts (ibidi GmbH, Grifelfing, Germany; 81176) in
24-well plates. The following cell densities were used: HEY at 100,000 cells/ cm?, SKOV3
at 85,000 cells/cm?2, and OV-90 at 150,000 cells/cm?. The day after seeding, the inserts
were removed, and the cells were treated with 50%, 75%, or 100% of the different CM in
1% FBS. Microphotographs were taken at Day 0, Day 1, and Day 2 using an Olympus IX50
microscope equipped with an OPTIKA camera (OPTIKA, Ponteranica, Italy; Model 4083.13),
using a 4x magnification. The extent of wound repair was evaluated by measuring the
wound area at Day 1 and Day 2 relative to Day 0 (T0) using computerized image analysis
with Image] software (http:/ /rsb.info.nih.gov/ij/).

2.9. Single-Cell Migration

Cell motility was assessed by time-lapse videomicroscopy. HEY cells were seeded at
a density of 3000 cells/cm?, and SKOV3 and OV-90 cells were seeded at 5000 cells/cm?
in 12-well plates. After 18 h, the cells were treated with 75% of the different CM in
1% FBS. A constant temperature of 37 °C and pCO; of 5% were maintained throughout
the experimental period. Cells were observed under Mica Widefield Live Cell (Leica
Microsystems, Wetzlar, Germany), and images (1 frame every 30 min) were digitally
recorded for 1380 min. Single-cell migration was analyzed using AIVIA software version
12.1 (Leica Microsystems) through cell tracking recipe. Path lengths (in um) of cells were
recovered for at least 10 frames and were used for analysis. Path Length is the distance
traveled by the object along its trajectory over the entire duration of the track and is
calculated as the sum of the Euclidean distances between the object’s positions at sequential
time points.

2.10. Transwell Migration Assay

Cells were seeded in 6-well plates at a density of 50,000 cells/cm? and treated with
50%, 75%, or 100% of the different CM plus 1% FBS for 24 h. After treatment, the cells were
detached and seeded in transwell inserts (Corning, Glendale, AZ, USA; CL-3422-48EA)
at the following densities: 100,000 cells/insert for HEY and OV-90, 40,000 cells/insert for
SKOV3, in a volume of 150 pL of serum-free DMEM/F12. The inserts were then placed
into 24-well plates containing 500 pL of DMEM with 10% FBS for HEY and SKOV3, or
20% FBS for OV-90. After 24 h, the inserts were removed, and the upper side of the inserts
was gently cleaned with swabs to remove non-migrated cells. Cells on the lower side of
the inserts were then fixed with ice-cold methanol for 15 min and left to air dry. Crystal
violet (Sigma-Aldrich; V5265) staining was performed by soaking the inserts in the dye for
10 min. The upper side of the inserts was again cleaned with swabs. Once the inserts were
dry, three images per insert were acquired using an Olympus IX50 microscope equipped
with an OPTIKA camera at 4 x magnification. To quantify the migrated cells, crystal violet
was solubilized by adding 200 puL of 33% acetic acid (Carlo Erba; 2789) to each insert. Then,
100 pL of the solubilized solution was transferred into a 96-well plate, and absorbance was
measured at 595 nm using a Victor™ X4 plate reader (PerkinElmer).

2.11. Western Blot

Cells were seeded in 6-well plates at a density of 20,000 cells/cm? and treated with
75% of the different CM in 1% FBS. After 24 h of treatment, the cells were collected and
homogenized in RIPA buffer (supplemented with protease inhibitor, Sigma-Aldrich, P8340,
and phosphatase inhibitor, Merck, P0044). Protein extraction was performed by applying
5 cycles of sonication, with cooling on ice between cycles. Protein concentration was
determined using the BCA assay (Thermo Fisher Scientific; 23235). Next, 20 ug of protein
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per sample was loaded onto an SDS-PAGE gel and analyzed by Western blot using specific
primary antibodies against phospho-p70 S6 Kinase (Cell Signaling Thecnologies, Danvers,
MA, USA; 9205), and GAPDH (Bio-Rad; Hercules, CA, USA; MCA4740). After primary
antibody incubation, membranes were probed with the appropriate secondary antibodies:
anti-rabbit-HRP (Bio-Rad; 170-6515) or anti-mouse-HRP (Bio-Rad; 170-6516).

2.12. Spheroid Generation

Spheroids were generated by seeding 3000 cells for HEY or 6000 cells for SKOV3
and OV-90. To promote spheroid formation, 2% methylcellulose (Sigma Aldrich; M7027)
was added to the respective culture medium, comprising 20% of the total volume. The
cells were then seeded in U-bottom 96-well plates (Corning; 3788) in a final volume of
100 uL per well. After 24 h, some of the medium was replaced with different conditioned
media (CM) to achieve final concentrations of 50% or 75% in 1% FBS. For the matrix assay,
spheroids were treated for 6 days with increasing concentrations of CM (12.5%, 25%, 50%,
75%) in combination with increasing concentrations of paclitaxel (1.1, 3.3, 10, 30 nM).
Alternatively, 75% CM was added immediately during spheroid formation under the same
spheroid-forming conditions.

Spheroid Growth Assessment: To assess spheroid growth, 6-8 images per condition
were captured using an Olympus IX50 microscope equipped with an OPTIKA camera at
4x magnification on day 1, day 3, and day 6. The areas of the spheroids were measured
using Image] software (http:/ /rsb.info.nih.gov/ij/) and reported in um?.

Image] Calculations: Spheroid area was calculated using the “Macros” plugin in
Image]. Images were first converted to grayscale. Images with an area less than 1000 pixels?
were excluded, and any holes within the spheroids were automatically filled. The area of
the resulting spheroids was then calculated automatically in Image] software [24].

2.13. Three-Dimensional Cell Viability Assay (ATPlite)

Three spheroids per condition were harvested with 50 uL of medium after 6 days of
treatment and collected into a 96-well plate. The assay was performed according to the
manufacturer’s instructions (3D ATPlite 1 Step, PerkinElmer; 38221900). After adding 50 uL
of lysis buffer to each well, the spheroids were mechanically disaggregated by pipetting
10-15 times. The plate was covered and incubated for 30 min on an orbital shaker in the
dark. After incubation, 50 pL from each well was transferred into a 96-well white plate.
Luminescence was measured using a Victor™ X4 luminometer (PerkinElmer).

2.14. Three-Dimensional Co-Culture Angiogenesis Model

The protocol was adapted from Xiao Wan et al. [25]. HUVEC were labeled with
Celltracker green CMFDA 5 pM at 37 °C for 30 min. Then, 40 puL Geltrex was added into
a 96-well plate which had been pre-chilled on ice. The plates were incubated at 37 °C for
30 min, allowing the Geltrex to polymerise. Then, 12,800 HUVECs resuspended in 40 pL
EBM-2 2% FBS were seeded onto the polymerised gel layer.

After four hours of HUVEC seeding, 5000 ovarian cancer cells in 100 pL hAMSC-CM
or hAM-CM with 2% FBS and 10% Geltrex (v/v), in the presence or absence of 16.6 nM
Paclitaxel, were added onto the polymerized Geltrex. The final concentration of CM was
50%. The plate was then incubated at 37 °C to allow the top layer of Matrigel to polymerize.
After 24 h, z-stack microphotographs with a step size of 4.75 um were taken at Mica
Widefield Live Cell (Leica Microsystems) using a 10x objective. Image reconstructions were
performed using MAX projection of 15-20 images. Images were analyzed with the Image]
Angiogenesis Analyzer Plugin (https://imagej.net/ij/macros/toolsets/ Angiogenesis%?20
Analyzer.txt, accessed on 15 February 2025) [26]. Total segment length and the number of
isolated segments were measured and calculated.
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2.15. Statistical Analysis

Data report the mean and standard deviation. The parameters were compared using
one-way or two-way analysis of variance (ANOVA), with Dunnet multiple comparison
test post-analysis. N is reported in each figure legend. Statistical analysis was performed
using Prism 9.5 (GraphPad Software, La Jolla, CA, USA). A p-value lower than 0.05 was
considered statistically significant.

3. Results
3.1. RAMSC-CM and hAM-CM Inhibit Ovarian Cancer Cell Proliferation

We first characterized the antiproliferative effects of CM derived from hAMSC-CM
and hAM-CM on three ovarian cancer cell lines: HEY, SKOV3, and OV-90. CM were
collected after five days from pooled samples and assessed for their ability to reduce cell
viability using the CyQUANT assay. HEY, SKOV3, and OV-90 cell lines were treated
with different concentrations of CM (12.5%, 25%, 50%, 75%, and 100%) for 24, 48, 72, and
96 h. There was a dose-dependent inhibition of proliferation in all three cell lines, with
effects becoming apparent after 48 h (Figure 1A,B). HEY cells were most sensitive to both
hAMSC-CM and hAM-CM, while OV-90 cells exhibited the least sensitivity. Notably, CM
from normal dermal fibroblasts had no effect on cell viability, underscoring the specificity
of hAMSC-CM and hAM-CM (Figure S1). Mechanistically, hAM-CM markedly inhibited
the phosphorylation of p70 S6 kinase (p-p70 S6), a key regulator of cell growth and cell
cycle progression, after 24 h of treatment (Figure 1C).
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Figure 1. hAMSC-CM and hAM-CM inhibit ovarian cancer cell proliferation. HEY, SKOV3, and
OV-90 cell lines were treated with differing concentrations of hAMSC-CM (A) or hAM-CM (B) (12.5%,
25%, 50%, 75%, and 100%) for 24, 48, 72, and 96 h. Cell viability was assessed using the CYyQUANT
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assay, nn = 3-5. Results are expressed as a percentage relative to untreated controls at each time point
(orange: 24 h; purple: 48 h; red: 72 h; black: 96 h). Data are presented as mean + SD, with significance
levels indicated (for 48 h: § p < 0.05, S8 p < 0.01, S5 p < 0.001, S558 p < 0.0001; for 72 h: # p < 0.05,
##p < 0.01, ##H# p < 0.001; for 96 h: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (C) Western blot
for p-p70 S6 were performed on protein lysates of HEY, SKOV3 and OV-90 treated with 75% CM for
24 h.

Accordingly, in clonogenic assays, both CM types significantly reduced colony for-
mation and size in all cell lines, with hAM-CM exhibiting the strongest effect (Figure 2A).
To assess apoptosis, we analyzed treated cells via flow cytometry at 48 h. hAM-CM sig-
nificantly induced apoptosis in HEY and OV-90 cells, while hAMSC-CM showed a less
pronounced, non-significant effect. SKOV3 cells, lacking functional p53, showed no in-
crease in apoptosis under either treatment (Figure 2B). These findings demonstrate that
both hAMSC-CM and hAM-CM reduce cell viability in a dose-dependent manner, disrupt
clonogenic potential, and induce apoptosis in a cell dependent manner.
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Figure 2. hAMSC-CM and hAM-CM affect ovarian cancer cell colony formation and apoptosis.
(A) Colony formation assays for HEY, SKOV3, and OV-90 cell lines treated with 50%, 75%, and
100% CM. Representative images of stained colonies are shown (left panel, scale bar 500 um), with

quantification of colony formation expressed as fold change relative to controls (right panel, red:
hAMSC-CM, blue: hAM-CM), nn = 3-4. (B) Apoptosis analysis of HEY, SKOV3, and OV-90 cell lines
treated with 50%, 75%, and 100% CM for 48 h. Apoptosis was detected by Annexin V/PI staining and
quantified using flow cytometry. Results are shown as percentages of apoptotic cells. n = 3—4. Data

are presented as mean £ SD, with significance levels indicated (* p < 0.05, ** p < 0.01, *** p < 0.001,

=t 1) < 0.0001).

3.2. RAMSC-CM and hAM-CM Differentially Affect 3D Spheroid Proliferation

Ovarian cancer metastasizes in part through spheroid formation and peritoneal dis-

semination. To explore the impact of CM on tumor cells, we assessed its effects on 3D

aggregates, known as spheroids. The three tumor cell lines exhibited distinct spheroid mor-

phologies. On the first day of formation, HEY cells formed compact, rounded spheroids,

OV-90 cells formed rounded but less compact spheroids, and SKOV3 cells formed spheroids

that were both less compact and less rounded. Spheroids were treated with 75% CM for

six days, and their areas were measured on days 1, 3, and 6. The cell lines displayed
differential responses to CM treatment. Both hAMSC-CM and hAM-CM significantly
reduced the spheroid area of HEY and SKOV3 starting on day 3 (Figure 3A,B). Notably,
SKOV3 spheroids exhibited a more compact morphology following CM treatment. In

contrast, OV-90 spheroids treated with CM maintained the same area as the control group

(Figure 3C).

ATP content, an indicator of cell viability [27], was measured in spheroids after six
days of treatment with hRAMSC-CM and hAM-CM. ATP levels were normalized to the
control spheroids. Remarkably, in all cell lines, both hAMSC-CM and hAM-CM treatments

significantly reduced ATP content (Figure 3D-F).

To further investigate, we evaluated spheroid formation and growth when hAMSC-

CM and hAM-CM were added directly during spheroid generation. After one day of

treatment, HEY and OV-90 spheroids appeared less aggregated in the presence of either

CM, resulting in a larger apparent area compared to the

control. By day 6, however, the

spheroid area of HEY—and to a lesser extent, SKOV3 and OV-90—was reduced following

CM treatment (Figure 4A—C). Additionally, ATP content

in all cell lines was significantly

reduced in the presence of CM, mirroring the results observed when CM was added after

spheroid formation (Figure 4D-F).
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Figure 3. hAMSC-CM and hAM-CM reduce ovarian cancer spheroid growth and ATP content.
Spheroids from HEY (A), SKOV3 (B), and OV-90 (C) cell lines were treated with 75% CM for six days.
Spheroid areas were measured at days 1, 3, and 6 using Image] and expressed in um? (white: control;
red: hAMSC-CM; blue: hAM-CM). Representative micrographs of spheroids at day 6 are shown
(right panel, scale bar 250 pm). (D-F) The ATP content of HEY, SKOV3, and OV-90 spheroids was
measured after six days of treatment and expressed as fold change relative to untreated controls.
Data are presented as mean + SD. n = 3. Significance levels are indicated (* p < 0.05, ** p < 0.01,
#** p < 0.001, **** p < 0.0001).

In summary, these findings demonstrate that hAMSC-CM and hAM-CM decrease
spheroid viability in a 3D model. This effect is observed in both pre-formed, treated
with CM after 24 h of spheroid formation, and forming spheroids, where CM was added
during the formation process, suggesting potential mechanisms of action on ovarian cancer
cell aggregates.
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Figure 4. CM pretreatment affects spheroid growth and ATP content. Spheroids from HEY (A),
SKOV3 (B), and OV-90 (C) cell lines were treated with 75% CM during formation and monitored
for six days. Spheroid areas were measured at days 1, 3, and 6 using ImageJ and expressed in pum?
(white: control; red: hAMSC-CM; blue: hAM-CM). Representative micrographs of spheroids at day 1
and day 6 are shown (right panel, scale bar 250 um). (D-F) ATP content of HEY, SKOV3, and OV-90
spheroids was measured after six days of CM pretreatment and expressed as fold change relative to
untreated controls. n = 3. Data are presented as mean =+ SD, with significance levels indicated (* p <
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3.3. hAMSC-CM and hAM-CM Inhibit Ovarian Cancer Cell Migration

CM derived from hAM has been reported to inhibit bladder cancer cell migration [11],
while CM from other MSC sources, such as Wharton's Jelly, has shown inhibitory effects
on ovarian cancer cell migration [28]. Here, we examined how CM from hAMSC and
hAM affects the migration of ovarian cancer cell lines. Using a wound-healing assay, we
monitored the migratory ability of the cell lines in the presence of the two CM at 24 and 48 h.
hAM-CM significantly inhibited the migration of all three cell lines in a dose-dependent
manner. In contrast, hRAMSC-CM reduced migration in HEY and OV-90 cells but had
no effect on SKOV3 migration at 24 h. At 48 h, SKOV3 migration showed a slight, non-
significant increase (Figure 5A-C). These findings were partially corroborated by single-cell
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migration assay (Figure 5D), where both CM reduced the total migration distance (path
length) of HEY and OV-90 cells, while increasing SKOV3 migratory capacity. Interestingly,
hAMSC-CM retained its inhibitory effects on HEY and OV-90 single-cell migration even
after 24 h of pre-treatment, as shown in the transwell migration assay. Additionally, hAM-
CM specifically inhibited HEY migration under these conditions (Figure S2). Collectively,
these data suggest that hAMSC-CM and hAM-CM inhibit migration in both HEY and
OV-90 cells, while having contrasting effects on SKOV3 migration, enhancing its single-cell
and collective migration capacity.
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Figure 5. hAMSC-CM and hAM-CM inhibit ovarian cancer cell migration. Wound-healing assays
were performed on monolayers of HEY (A), SKOV3 (B), and OV-90 (C) cells treated with 50%, 75%,
and 100% CM. Wound closure was measured at 0, 24, and 48 h and expressed as the percentage of the
initial wound area (white: control; red: hRAMSC-CM; blue: hAM-CM). Representative micrographs of
the wound area at 75% CM treatment are shown (right panel, scale bar 250 um), with white dotted
lines marking the wound boundaries. n = 3-5. Data are presented as mean + SD (* p < 0.05, ** p < 0.01,
*** p < 0.001, *** p < 0.0001). (D) Single-cell migration was performed on HEY, SKOV3, and OV-90
cells treated with 75% CM by time-lapse analysis. Each point is a replicate and refers to the mean of
at least 30 cell paths for each condition.
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3.4. RAMSC-CM and hAM-CM Affect Spheroid Invasion

In ovarian cancer, spheroids represent the minimal metastatic units capable of invading
and implanting at distant sites. To investigate the impact of hAMSC-CM and hAM-CM
on spheroid invasion, we evaluated the invasive ability of spheroids pre-treated with
CM for 24 h within a surrounding matrix. HEY spheroids exhibited a strong invasive
capacity, evident from 24 h onward. As shown in Figure 6A, spheroids pretreated with
either hAMSC-CM or hAM-CM displayed a significantly reduced invasion area at both 24
and 48 h. SKOV3 spheroids, on the other hand, demonstrated a limited ability to invade
the matrix, producing only a few protrusions from the spheroid core. Notably, after 48 h,
treatment with either CM further inhibited their ability to form processes (Figure 6B). OV-90
spheroids also invaded the surrounding matrix, with a prominent invasion area observed
on day 5. Interestingly, CM-pretreated OV-90 spheroids exhibited a smaller invasion area
compared to the control group (Figure 6C). These findings suggest that both hAMSC-
CM and hAM-CM effectively reduce the invasive capacity of ovarian cancer spheroids,
impacting cell lines with varying invasive potentials.
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Figure 6. hAMSC-CM and hAM-CM inhibit spheroid invasion. Spheroids from HEY (A), SKOV3 (B),
and OV-90 (C) cells were pretreated with 75% CM for 24 h and embedded in a Geltrex matrix. Invasion
areas were measured after 24, 48, and 120 h and expressed in um? (white: control; red: hRAMSC-CM;
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blue: hAM-CM). Representative micrographs of invading spheroids are shown (right panel, scale bar
250 pum), with invasion boundaries marked by black dotted lines. Data are presented as mean + SD

(** p <0.01).

3.5. Effect of hRAMSC-CM and hAM-CM in Combination with Paclitaxel on Ovarian Cancer Cell

Lines in 2D and 3D
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Figure 7. Synergistic effects of CM and paclitaxel on ovarian cancer spheroids in 3D. Spheroids from
HEY (A,B), SKOV3 (C,D), and OV-90 (E,F) cells were treated with different concentrations of CM
(12.5%, 25%, 50%, 75%) and paclitaxel (1.1, 3.3, 10, 30 nM) for 48 h. Viability was assessed using the
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To evaluate the potential enhanced therapeutic effect of hAMSC-CM and hAM-CM
combined with paclitaxel in inhibiting ovarian cancer cell proliferation, combination treat-
ments were conducted using both 2D and 3D models. These experiments included three
ovarian cancer cell lines, with increasing concentrations of hAMSC-CM or hAM-CM and
paclitaxel, to assess their combinatorial effects.

The combinatorial effects were analyzed using the ZIP reference model in Syner-
gyFinder+ [29]. The results are shown in Figure S3 for the 2D model and Figure 7 for the
3D model. Positive deviations between observed and expected responses, indicative of
synergy, are represented in red, while negative deviations, indicative of antagonism, are
shown in green. The relative dose-response matrices are showed in Figures 54 and S5,
showing the percentage of cell viability relative to controls.
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ATP-lite assay. Results are displayed as ZIP synergy maps and synergy scores for each combination
and cell line are shown.

Both hAMSC-CM and hAM-CM demonstrated an enhanced therapeutic effect when
combined with paclitaxel, particularly in the OV-90 cell line. This enhanced effect was
observed consistently across both 2D and 3D models, underscoring the robust potential
of these combinations to improve therapeutic outcomes. These findings suggest that
hAMSC-CM and hAM-CM can amplify the efficacy of paclitaxel against ovarian cancer.

3.6. Effect of RAMSC-CM and hAM-CM in Combination with Paclitaxel in 3D Co-Culture
Angiogenesis Model

Angiogenesis is a hallmark of cancer, and it is responsible for tumor spread and
metastasis in ovarian cancer by promoting new blood vessel formation. It is essential
for tumor growth and development. To assess the effect of hAMSC-CM and hAM-CM
on tumor angiogenesis, we used a 3D co-culture angiogenesis model. We evaluated the
tubule-like endothelial structures by HUVECs on top of a layer of Geltrex after 24 h of
co-culturing with ovarian cancer cell lines. The analysis of digital images of tube-like
networks was carried out using Image] angiogenesis analyzer software. We measured
the total segment length and number of isolated segments, two parameters with opposite
trends when angiogenesis is inhibited. Specifically, a reduction in total segment length and
an increase in the number of isolated segments indicate impaired angiogenesis. As shown
in Figure 8, hAMSC-CM had no impact on angiognesesis, on the contrary, for all three
ovarian cancer cell lines, hAM-CM impaired the formation of tube structures. Interestingly,
angiogenesis was severely impaired when both hAMSC-CM and hAM-CM were combined
with paclitaxel.
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Figure 8. Effects of CM and paclitaxel in a co-culture angiogenesis model. Co-culture of HUVECs and
ovarian cancer cell lines in a Geltrex sandwich. HUVEC were seeded on a Geltrex later for 4 h, then
HEY (A), SKOV3 (B), OV-90 (C) with 50% hAMSC-CM or hAM-CM in the presence or absence of
10 nM paclitaxel (PTX) were seeded on the top. Tubule-like endothelial structures were analyzed after
24 h with the Image] Angiogenesis analyzer plugin. Data are expressed as total segment length and
number of isolated segments. N =3 (* p < 0.05; ** p < 0.01). On the right, representative micrographs
of different treatments. Scale bar 250 pm.

4. Discussion

Ovarian cancer remains a formidable challenge in oncology, with high mortality
rates due to late diagnosis, tumor recurrence, and resistance to conventional therapies.
Despite advances in surgical techniques and the development of chemotherapeutics such
as paclitaxel, the clinical outcomes for ovarian cancer patients remain suboptimal. This
underscores a critical unmet need for innovative therapeutic approaches that target the
biological underpinnings of tumor progression and metastatic dissemination. In this study,
we explored the therapeutic potential of CM derived from hAMSC and intact hAM on
ovarian cancer cell lines in both 2D and 3D models. These secretomes, enriched in bioactive
molecules, offer a cell-free and scalable therapeutic strategy that could complement existing
treatments. Our findings highlight the ability of these CM to inhibit multiple hallmarks of
cancer progression, including cancer cell proliferation, migration, invasion, angiogenesis,
and spheroid growth. Our results demonstrate that both hAMSC-CM and hAM-CM
effectively inhibit ovarian cancer cell proliferation in a dose-dependent manner (Figure 1).
Moreover, the combination of CM with paclitaxel enhanced the anti-tumor effects on
proliferation in 2D cultures and spheroid growth.

Notably, hAM-CM consistently displayed stronger antiproliferative and pro-apoptotic
effects compared to hAMSC-CM,, likely reflecting the combined contributions of bioactive
factors secreted by both stromal and epithelial cells within the amniotic membrane.

The differential response observed among the ovarian cancer cell lines—HEY, SKOV3,
and OV-90—emphasizes the importance of tumor heterogeneity. HEY cells, which harbor
wild-type p53, were the most sensitive to CM treatment, while OV-90 cells, characterized
by a missense TP53 mutation, exhibited the least sensitivity. These findings are consistent
with the notion that p53 status influences cellular responses to stress and therapeutic
interventions [30,31]. Previous studies have reported similar antiproliferative effects of
MSC-derived CM in various cancer types, attributed to the secretion of bioactive molecules,
including cytokines, growth factors, and extracellular vesicles [10,32-35]. The stronger
effects observed with hAM-CM may reflect the combined contributions of hAMSCs and
hAECs, which are known to possess complementary anticancer properties [14,36—40].

In addition to reducing cell proliferation, hRAM-CM significantly induced apoptosis
in HEY and OV-90 cells, as evidenced by increased Annexin V /Pl staining (Figure 2). In
contrast, SKOV3 cells, which are p53-null, showed minimal apoptotic responses, further
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supporting the hypothesis that CM-induced apoptosis may depend, at least in part, on p53-
mediated pathways. This mechanistic link between p53 status and CM efficacy highlights
the potential for tailoring secretome-based therapies to the molecular characteristics of
specific tumor subtypes [41].

Spheroids represent a more physiologically relevant model of tumor biology, closely
mimicking the architecture and microenvironment of in vivo tumors [42]. Our study re-
vealed that both hAMSC-CM and hAM-CM reduced spheroid growth and ATP content,
indicating impaired viability (Figure 3). Interestingly, CM disrupted spheroid formation
when introduced during aggregation (Figure 4), suggesting potential interference with cel-
lular adhesion and extracellular matrix interactions [43,44]. These findings are particularly
significant given the role of spheroids in ovarian cancer metastasis and chemoresistance [45].
The observed effects highlight the potential of hRAMSC-CM and hAM-CM to target both
established and forming tumor microenvironments.

Cancer metastasis is a major cause of mortality in ovarian cancer, with migration and
invasion being critical steps in this process [46,47]. Both hAMSC-CM and hAM-CM inhib-
ited the migratory capacity of HEY and OV-90 cells, as demonstrated in wound-healing,
transwell migration, and single-cell motility assays (Figure 5). However, SKOV3 cells
exhibited a unique response, with increased migration observed under certain conditions.
This divergence may reflect differences in intrinsic cell motility mechanisms or interactions
with CM components [11,48]. Additionally, the reduction in spheroid invasion (Figure 6)
into the matrix after CM pretreatment underscores the potential of these secretomes to
disrupt metastatic progression [49].

To further explore the therapeutic potential of CM, we investigated its combination
with paclitaxel, a first-line chemotherapeutic agent in ovarian cancer treatment. The
combination treatment demonstrated enhanced therapeutic effects in both 2D and 3D
models (Figures S3 and 7), particularly in the OV-90 cell line. Using the ZIP reference
model implemented in SynergyFinder+, we identified a significant interaction between
CM and paclitaxel, with positive deviations indicative of synergy. This enhanced ther-
apeutic effect may result from the complementary actions of paclitaxel, which disrupts
microtubule dynamics and induces mitotic arrest [50,51], and the bioactive components of
CM, which modulate key signaling pathways implicated in tumor survival, proliferation,
and metastasis. Previous studies have linked CM-derived molecules to the inhibition of
IL-6/JAK2/STAT3 and FAK/PI3K/Akt/mTOR pathways, providing potential mechanistic
insights into the observed enhanced effect [9,11,52,53]. Paclitaxel has been reported to
induce the upregulation of 56 as a compensatory adaptive response [54], and previous
studies have shown that targeting p70 with specific inhibitors can enhance Paclitaxel ef-
ficacy in reducing cancer cell viability. While our interpretation remains speculative, the
observed reduction in p-p70 S6 in our model may suggest a similar mechanism, potentially
contributing to the enhanced effect of Paclitaxel. Notably, hAMSC can be loaded with
paclitaxel and the drug released from hAMSC is able to inhibit pancreatic cancer cell line
proliferation in vitro [55]. Interestingly, not only does the released paclitaxel impact prolif-
eration but also hAMSC are able to inhibit tumor cell proliferation per se under specific
culture conditions in vitro.

The mechanisms underlying the anticancer effects of hAMSC-CM and hAM-CM are
likely multifactorial, involving the secretion of bioactive molecules that modulate cell
signaling, immune responses, and the tumor microenvironment [19,56,57]. While our study
establishes the therapeutic potential of these CM, further research is needed to elucidate the
specific components responsible for their effects. Proteomic and transcriptomic analyses of
CM could provide valuable insights into its active constituents and mechanisms of action.
Additionally, in vivo studies are essential to validate the efficacy and safety of CM-based
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therapies and to assess their potential for clinical translation. Additional experiments are
required to gain a deeper understanding of the mechanisms by which the amniotic mem-
brane influences cancer dynamics, and to clarify its potential as an adjuvant therapeutic
strategy for targeting tumor cells. Interestingly, we observed that hAM-CM alone is able
to affect capillary-like structure formation, while hRAMSC-CM had no effect (Figure 8).
The combination with paclitaxel enhanced the effect, suggesting that the combinatorial ap-
proach, especially for hAM-CM, could have an impact also on the tumor microenvironment,
which plays a pivotal role in tumor growth and dissemination. These findings prompt us
to further investigate this aspect in different experimental models to better elucidate the
impact of CM on tumor angiogenesis. Given the dual role of tumor vasculature in both
sustaining tumor progression and modulating drug delivery, it will be crucial to assess not
only the inhibition of angiogenesis but also the potential ability of CM to normalize the
vasculature.

In conclusion, this study demonstrates that hAMSC-CM and hAM-CM exhibit potent
antitumor activity against ovarian cancer by targeting critical processes in tumor progres-
sion, including proliferation, migration, invasion, and spheroid growth. The consistent
enhanced effect observed across multiple experimental conditions highlights the potential
of CM as an adjuvant therapy to improve clinical outcomes while potentially reducing the
toxicities associated with high-dose chemotherapy. These findings position the CM as a
promising, cell-free therapeutic strategy in the fight against ovarian cancer, warranting
further investigation in preclinical and clinical settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pharmaceutics17040420/s1, Figure S1: Effect of CM from normal
dermal fibroblasts on ovarian cancer cell proliferation; Figure S2: Effect of hAMSC-CM and hAM-CM
on ovarian cancer cell migration in transwell; Figure S3: Synergistic effects of CM and paclitaxel on
ovarian cancer cell lines in 2D; Figure S4: Synergistic effects of CM and paclitaxel on ovarian cancer
cell lines in 2D-Dose response matrix; Figure S5: Synergistic effects of CM and paclitaxel on ovarian
cancer spheroids in 3D-Dose response matrix.
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